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ABSTRACT 
 
Due to biodegradability and non-toxicity, polyvinyl alcohol (PVA) can potentially 
replace other polymers for more wide applications especially for environmental-friendly 
materials. However, its poor mechanical properties greatly restrict its application. To 
overcome this problem, a synergistic reinforcement system by using graphene and 
montmorillonite (MMT) will be introduced to fabricate a new family of PVA 
composites. Furthermore, the potential industry processes of the as-prepared 
PVA-graphene-MMT composites are investigated by using the non-isothermal 
crystallization experiment and their structure change is also analyzed. Finally, the 
thermal degradation kinetics and mechanism of the as-prepared composites during the 
melting-crystallization process is investigated based on the isothermal degradation 
experiment.   
 
PVA/graphene/MMT clay composites in this thesis were fabricated by using 
conventional film casting technology. The graphene loaded is synthesized by in-situ 
reduction of graphene oxide in PVA solution. Raman spectrum shows that the in-situ 
reduced graphene in PVA matrix possesses smaller graphitic domains and more defect 
sites than the directly-reduced graphene in water, which may be potentially helpful for 
improved compatibility in PVA matrix. For PVA/MMT or PVA/graphene composites, 
the ultimate tensile strength and modulus are improved greatly at low content of MMT 
or graphene but then decrease. The maximum strength can be achieved when the 
loading of MMT or graphene is 2.0% or 0.9%, respectively. It is worth mentioning that 
a clear synergy can be found for PG-0.6-M-1.0 and PG-0.9-M-0.3. The ultimate tensile 
strength for PG-0.6-M-1.0 and PG-0.9-M-0.3 is improved by more than 49% and 58%，
respectively. Further DSC and DMA analysis shows that there is strong interaction 
between graphene (or MMT clay) and PVA matrix, supported by the decreased 
II 
 
crystallity and improved Tg. Meanwhile, SEM investigation illustrates that the 
dispersion of MMT and graphene in synergistic reinforced samples such as 
PG-0.9-M-0.3 is homogenous. However, clear aggregation can be found when the 
loading of MMT or graphene is higher than the percolation limit such as the samples 
PG-0.6-M-3.0 and PG-1.2-M-1.0. Thus, synergistic reinforcement of PVA by using 
graphene and MMT clay can only be realized under certain content of graphene or 
MMT clay.  
 
The non-isothermal crystallization was investigated by using differential scanning 
alorimetry. The corresponding kinetics can be analysed by both Avrami-Jeziorny model 
and Mo model. According to the results of those two models, both MMT and graphene 
delay PVA crystallization. Thermodynamics analysis (Kissinger model) indicates that 
both MMT and graphene can promote the crystallization of PVA macromolecules. 
Meanwhile, the loading of MMT, graphene or the mixture of graphene and clay all 
results in the shifting of Tp to a higher temperature, indicating the clear nucleation 
effects. Spectra (FTIR and Raman) analysis, morphology investigation and multi-cycle 
DSC all demonstrate the existence of PVA composites degradation during the 
crystallization process. Especially the dehydration process does happen during the DSC 
test, leading to characteristic double bonds signals, surface damage such as holes in the 
PVA composite, as well as non-repeatable crystallization process. Therefore, the real 
process for the PVA non-isothermal crystallization is the combination of non-isothermal 
crystallization and non-isothermal degradation, which are both accelerated by the 
introduction of extra fillers such as MMT and graphene. Due to the stability differences 
between crystal and amorphous domains within PVA matrix, most of the degradation 
happens in amorphous domains of PVA, resulting in the increased crystallity for PVA 
composites.  
 
III 
 
The isothermal degradation of PVA composites is analysed to study the degradation 
kinetics, degradation activation energy and degradation mechanisms. For all PVA 
samples, a higher temperature may lead to quicker degradation. Furthermore, the 
loading of both MMT and graphene always result in the accelerated degradation, but the 
effect of MMT is much less than that of graphene. The degradation mechanisms are 
analysed by using FTIR spectrum. The results indicate that the degradation mechanism 
for PVA, PM-0.3 and PG-0.3 is different. PVA degradation is mainly due to the 
elimination of water and the products remained are non-conjugated polyenes and 
conjugated polyenes. For PM-0.3, the elimination of water can also be found but the 
chain-scission process is also involved during its degradation process. For PG-0.3, the 
residual carbonyl groups are very stable and remain intact after long-term heating. The 
main degradation processes are also the elimination of water and chain-scission process 
as that of PM-0.3.  
 
In conclusions, the present work has successfully developed a synergistic reinforcement 
PVA composite system by using graphene and MMT. Furthermore, the non-isothermal 
crystallization of PVA composites was investigated and analysed, providing new 
information on understanding the non-isothermal crystallization of PVA composites. 
Isothermal degradation kinetics and mechanism of the as-prepared composites were also 
discussed and new kinetics models are proposed.  
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1 INTRODUCTION 
 
1.1 Background of the research 
 
Deteriorating environmental conditions have raised public awareness about 
environmental protection worldwide. White pollution, referring to plastic pollution such 
as plastic containers and shopping bags, is a great threat to environment, because these 
disposable plastic materials will be remained in environment for hundreds of years if 
not treated properly. The most effective solution is to develop biodegradable plastics, 
which actually represent a future direction for plastic applications.  
 
PVA is biodegradable and non-toxic, which can potentially replace other polymers for 
more wide applications especially as environmental-friendly materials. However, its 
poor mechanical properties greatly restrict its application. In the last decade, numerous 
nano-materials including SiO2, MMT clay, carbon nanotube (CNT) and graphene have 
been applied to reinforce the strength of various polymers, including PVA, mostly using 
fillers of one type. However, little information about synergistic reinforcement of PVA 
by using different fillers has been reported till now. Herein, new PVA composites were 
prepared in this thesis by using two kinds of reinforcement graphene and MMT clay. 
 
Only effective reinforcement system cannot be effectively and easily implemented for 
practical applications. Therefore research into the processes for new PVA composites is 
very important. There have been conflicting reports about PVA melting-crystallization 
process. Therefore it is of vital importance to exploit the melting-crystallization process 
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of PVA and also the new PVA composites. In this thesis, non-isothermal crystallization 
of the as-obtained PVA composites will be investigated systematically.  
 
Last but not least, the thermal stability is highly related to polymer material application 
and thermal procession. Therefore, it is interesting to investigate the thermal 
degradation behaviors and mechanisms for the new PVA/graphene/MMT clay 
composites. In the present study, the thermal stability was evaluated by using the 
iso-thermal degradation experiment around the temperature of non-isothermal 
crystallization process.  
 
1.2 Outline of the thesis 
 
This thesis consists of 7 chapters as follows: 
Chapter 2 provides a comprehensive review of the background to the areas of the PVA, 
PVA composites, PVA crystallization and degradation. The graphene and MMT are 
also reviewed and discussed in Chapter 2.   
Chapter 3 outlines all the materials and experimental procedures used in this thesis. 
Techniques for the synthesis and reduction of graphene oxide (GO) as well as the 
fabrication of PVA/MMT, PVA/graphene and PVA/graphene/MMT composites are 
illustrated. Methods for the characterization of GO and PVA composites such as XRD, 
SEM, FTIR and Raman etc. are described in details. Finally, the detailed procedures for 
non-isothermal crystallization and isothermal degradation experiments of PVA 
composites are presented.  
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Chapter 4 focuses on the synthesis of GO and the fabrication of the series of PVA 
composites. Characterizations of structure, morphology and mechanical properties are 
also investigated in this chapter. 
Chapter 5 aims at the study of non-isothermal crystallization process of PVA 
composites. Especially the macromolecules structure and morphology changes are 
investigated and discussed by using various methods.  
Chapter 6 explores the degradation of PVA composites during the non-isothermal 
crystallization process by investigating the kinetics, thermodynamics and mechanisms.  
Chapter 7 summarizes the major finding of the thesis and raises some theoretical and 
applied issues for future research in this area. 
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2  LITERATURE REVIEW 
 
2.1 Introduction 
 
Due to cheap price and easy processing, polymers and their composites have been 
widely applied in various fields such as carpet, package of consumer and industrial 
products, containers, pipes and other applications. In 2010, the plastic production 
already reached 300 million tonnes worldwide [1]. However, huge amount of polymer 
based materials especially the packing bags or containers are disposed of into the 
environment [2]. Most of the plastic package such as polyethylene, polystyrene, 
polypropylene and polyvinyl chloride etc. are not biodegradable [2-5]. Therefore those 
polymers will pose long-term and deep-seated effects on ecology and environment.  
 
Recycling the disposed polymer products seems to be helpful for preserving natural 
resources and preventing the environmental pollution [6, 7]. However, this is only 
feasible when the plastic wastes are clear and selectively collected. In fact, this selection 
is very difficult due to very similar material appearances [1, 8]. Furthermore, the 
regenerated polymer products are often more expensive than original ones due to the 
expensive transportation fee for the polymer wastes with the irregular shape and low 
density [3, 9]. Finally, the ultimate performance of the recycled polymer products may 
be poorer than the original one. This is because different kinds of polymer disposals 
may be used for the same products, which may lead to the poor compatibility [10]. 
Phase separation can be solved by introducing extra compatibilising agents [1, 4, 11], 
but the production costs will be further increased. Therefore, only recycling technology 
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is not enough for this thorny problem and new strategy should be developed to control 
environmental pollution.   
Previous report already demonstrated that Poly (vinyl alcohol) (PVA) can be 
assimilated by certain microbial strains [12, 13]. Furthermore, PVA is non-toxic and 
biocompatible [14]. Thus, PVA can replace other polymers such as polyethylene, 
polystyrene and polypropylene for some environmental friendly packaging applications. 
In fact, PVA has been successfully developed for industry applications more than 
twenty years ago [15, 16]. However, the strength of the pure polymers including PVA is 
normally much poorer than the corresponding polymer composites [17, 18]. Therefore, 
it is of vital importance to enhance the strength of PVA by developing new PVA 
composites.  
 
Recently, an interesting phenomenon has been discovered by some researchers that the 
enhancers can lead to the extra improvement of the composite strength in a mixed 
system when two reinforcements are used together [19-21]. This is because that the 
jammed filler network can be formed through the interaction among two fillers and the 
matrix [20]. Some researchers named this phenomena as synergistic reinforcing effects 
[19, 20]. Comparing to the single reinforcement, synergistic reinforcement shows great 
superiority and represents the future direction of high strength material design. For 
example, the synergy can be realized by MMT and CNT in chitosan matrix [20]. As 
chitosan is hydrophilic which is similar to PVA, it is anticipated that similar synergy 
can also be realized in PVA matrix by using similar reinforcements. However, research 
has indicated that CNTs are toxic and may lead to cancer [22]. Therefore, nontoxic 
graphene with properties similar to CNTs and MMT are ideal candidates for 
environmental-friendly PVA composite fabrication.  
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Concerning the practical applications of PVA composites, the industry processing is 
another key factor which should be taken into account. During industrial extrusion, 
polymers are usually processed under non-isothermal conditions. Therefore ，
non-isothermal crystallization of the new composites are crucial for both theoretical and 
practical applications. Furthermore, PVA is not stable around its melting point. The 
decomposition of the new PVA composites will be involved during the non-isothermal 
crystallization. Thus it is also important to investigate the degradation kinetics and 
mechanism during the processing for quality control.  
 
Based on this, the literature review presented in this chapter covers areas including the 
basic information about the physical and chemical properties of PVA, PVA and PVA 
composite, GO and graphene, MMT clay and its applications. Finally, the crystallization 
and degradation of PVA composites are illustrated in details.  
 
2.2 Physical and chemical properties of PVA 
 
CH CH2
O
O R
m
CH CH2
OH
n
R refers to H,CH3 and CH2CH3 etc.           
CH CH2
OH
n 
(a) (b) 
 
Figure 2-1 Chemical formulas of (a) partially hydrolysed PVA and (b) fully 
hydrolysed PVA 
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PVA is a kind of linear synthetic polymers produced by the catalytic hydrolysis of 
different poly (vinyl esters) [23, 24]. It was first invented by Herrmann and Haehnel in 
1924 by hydrolysing polyvinyl acetate with potassium hydroxide in ethanol [25]. Since 
then, PVA was widely used in paper making, pharmaceuticals, cosmetics, and food 
industries [23]. In 2000, its worldwide production capacity was more than 1.1 million 
kilogram [26]. The word PVA generally represents two kinds of products; partially 
hydrolysed PVA and fully hydrolysed PVA (Fig. 2.1).  
 
2.2.1 Solubility 
 
Polymer solubility is determined by its molecular structure. As there are numerous polar 
hydroxyl groups along the backbone of the PVA macromolecules (Fig 2.1), PVA can be 
dissolved in highly polar and hydrophilic solvents, such as water, dimethyl sulfoxide, 
ethylene glycol, and N-methyl pyrrolidone etc. [27-29]. However, molecular dispersion 
of PVA is very hard to realize in solvents such as water because of the formation of 
aggregates. Previous research demonstrated that DMSO is the most ideal solvent for 
PVA because the intrinsic viscosity for PVA in DMSO is the highest. Furthermore, the 
Huggins constant of the increasing second virial coefficient and exponent in the 
Mark–Houwink relation are lowest [29]. Despite of the effects of solvents, PVA 
solubility is also affected by its crystallity, modular weight and stereoregularity. For 
instance, higher modular weight, crystallity and stereoregularity will lead to poor 
solubility [30, 31].  
 
As a kind of semi-crystal polymers, PVA dissolution process is very complex. Previous 
report indicated that there are three processes involved during the dissolution of PVA, 
which are the unfolding of crystal PVA chains, constant rate dissolution, and complete 
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dissolution [32]. Initially, the dissolution is relatively slow because the unfolded chains 
in crystal domains can join the amorphous PVA chains around together. But the 
cystallity is decreased greatly. During the second stage, the cystallity is kept constant 
because the unfolding speed of crystals is equal to the dissolution of PVA. For the last 
stage, the cystallity is gradually decreased to zero and the whole polymer is completely 
dissolved. It was found that crystallinity in PVA is basically unaffected by swelling and 
it was proposed that water enters the amorphous part only and the crystalline portion 
remains intact on swelling [33]. 
 
2.2.2 PVA hydrogel 
 
Hydrogels are three-dimensional hydrophilic polymer networks with a large amount of 
water inside. Due to the high water content and promising elasticity, hydrogels have 
been considered for a wide range of applications, particularly for tissue engineering 
[34-37]. According to the interaction difference of crosslinked networks, hydrogels can 
be divided into chemical and physical hydrogels [38]. Chemical hydrogels are 
crosslinked by the covalent bonds and possess very good stability [39]. On the contrary, 
the networks for physical hydrogels are held together by macromolecular entanglements, 
H-bonding or hydrophobic forces [40, 41]. PVA hydrogels are a kind of physical gels 
cross-linked by the H-bonding, which were first reported in 1975 by cycling 
freeze-thawed method [42].  
 
The mechanism for PVA hydrogel gelation during the freeze-thawed process is unique. 
Previous research indicated that the dominant role for the polymer network formation is 
the phase separation process of PVA macromolecules, producing PVA-rich phases and 
water-rich phases [43, 44]. In the PVA-rich phases, the close contact and interaction 
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between the PVA macromolecular chains leads to the occurrence of hydrogen bonding 
and crystallite formation. Those crystal domains will then act as a physical 
cross-linkage and form three-dimensional polymer network [44, 45].  
 
Apart from the polymer backbone, another important composition for hydrogel is water. 
Previous research indicated that the water inside the hydrogels is assembled within the 
polymer chain networks. According to the interaction difference, the water can be 
assigned into three catalogues, non-freezing water, freezing bound water and the free 
water [46-48]. The non-freezing water refers to the water molecules directly interacting 
with the hydroxyl groups of PVA. During the analysis of calorimetric methods, there is 
not an individual solid–liquid first-order phase transition existing [48]. The freezing 
bound water molecules are located in the middle layer with strong interactions between 
both water–water and water–PVA molecules. The freezing point of the freezing bound 
water is depressed due to the effects of the interactions discussed above [48]. 
Comparing to the water in the middle layer, the motion of inner part is more active. This 
part of water is normally called as free water, whose phase behavior is similar to the 
enthalpy of bulk water [48]. 
 
2.2.3 Chemical modification 
 
To better the physical properties and enlarge the applications of PVA, numerous 
methods have been developed to modify PVA chemical structure. Generally speaking, 
most of the chemical modifications for PVA are based on the hydroxyl groups on PVA 
backbone. Currently, possible routes for PVA modification include oxidation, 
esterification, acetylation and grafting copolymerization.  
9 
 
2.2.3.1 Oxidation  
 
Hydroxyl groups are easily oxidized under certain conditions [49-51]. It has been 
reported that PVA macromolecules could be oxidized by KMnO4 to form vinyl ketone 
units along the polymer backbone (Fig 2.2), which can be further modified by the 
nucleophilic addition reaction with 
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide [50]. The as-synthesised 
phosphorylated PVA shows very good thermal stability. It is also reported that PVA 
macromolecules can be oxidized in the presence of Cu (II) and H2O2 (see Fig 2.3). The 
introduced carbonyl and carboxyl end groups result in the lowered glass transition 
temperature, melting temperature and decreased crystallinity [49]. 
 
KMnO4 + H2O
Room temperature
CH CH2
OH
n CH CH2
OH
C CH2
O
qp  
 
Figure 2-2 Chemical oxidation of PVA under KMnO4 [50] 
 
CH CH2
OH
n
CH CH2
OH
C CH3
O
p
+ CH CH2
OH
C COOH
O
q
H2O2
Cu
2+  
 
Figure 2-3 Chemical oxidation of PVA under H2O2 and Cu (II) [49] 
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2.2.3.2 Esterification 
 
PVA modification can also be realized by using esterification of the hydroxyl groups 
under catalysts [52-55]. It was found that a new fluorescent label based on PVA 
backbone can be synthesized by the esterification of PVA with 
N-(carboxyphenyl)-N-(8-pentadecyl)perylene-3,4:9,10-bis (dicarboximide) (PDI) under 
N,N-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyrydine (DMAP) [52] 
(Fig 2.4). The as-prepared PVA derivatives are water-soluble, which shows potential 
applications in biology. Fig 2.5 shows that the PVA esterification can also be realized 
by using nano-materials such as GO in dimethyl sulfoxide solution [55]. It is interesting 
to find that the thermal stability of the as-prepared hybrid PVA is improved greatly and 
the crystal PVA becomes amorphous after the graft reaction [55]. Esterification can also 
be used to prepare crosslinked PVA for special application. For instance, oxalic acid [53] 
or maleic acid [54] had been used as curing agent for PVA membrane fabrication. It is 
worth mentioning that PVA esterification can also be carried out in solid state. Research 
showed that many anhydrides including hexanoic, heptanoic and methacrylic anhydride 
can react with the swollen PVA with the catalyst of N-methylimidazole. The solvents 
used are mixed ethylene carbonate and propylene carbonate and all the conversion rates 
are more than 70% [56].  
 
 
 
Figure 2-4 Esterification of PVA with PDI [49] 
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Figure 2-5 Esterification of Graphite Oxide with PVA [49] 
 
2.2.3.3 Michael Addition 
 
Michael Addition refers to a facile reaction between a nucleophile and an 
α,β-unsaturated carbonyl compound [57-59]. The hydroxyl groups in PVA backbone 
can act as the nucleophile and attack the electrophilic alkene (Fig 2.6) [57]. It was found 
that a three-dimensional network PVA hydrogel can be realized by the nucleophilic 
addition between the thiol-capped PVA chains and the vinyl moiety in the grafted 
methacrylic PVA [58]. Moreover, amino functionalized PVA can be synthesized by 
using Michael addition of acrylamide and Hoffman degradation [57]. To summarise, the 
Michael addition reaction allows the development of novel PVA derivatives under at 
ambient temperature.  
CH CH2
OH
n
CH OH
CH3 N CH2
H
O
H
+ CH CH2
OH
n
CH O
CH3 C
O NH2
CH2 CH2
CO2
2-
, pH = 10
70
0
C, 2.5
-
-70h  
 
Figure 2-6 Michael addition of acrylamide [57] 
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2.2.3.4 Graft copolymerization  
 
Graft copolymerization is a chemical process of combining other monomers into 
polymer branches of an existing polymer. The obtained new polymers possess two or 
more constituent units. This is different from common polymers which consist of only 
one monomer. Therefore, grafted copolymers can achieve superior properties by 
combining the favourable attributes of each block. More important, they may possess 
new functions and applications such as forming nano-micelles for drug delivery system 
[60], flame retardant applications [61] and material strength improvement [62, 63].  
 
In the past decade, numerous PVA-based graft copolymers with new structures and 
functions have been synthesized. For instance, poly (tert-butyl vinyl ether) was prepared 
by metal-free living cationic polymerization. The as-prepared poly (tert-butyl vinyl 
ether) possesses functional hydroxyethyl groups which can further initiate the 
ring-opening polymerization of e-caprolactone and obtain poly (tert-butyl vinyl ether) 
b-poly (ε-caprolactone). In the final acid hydrolysis process, poly (tert-butyl vinyl ether) 
change into PVA and the amphiphilic polyvinyl alcohol-b-poly (ε-caprolactone) with 
narrow molecular weight is produced [64]. Poly(vinyl 
alcohol)-graft-poly(e-caprolactone) copolymer was also synthesized by direct 
ring-opening polymerization of e-caprolactone with poly(vinyl alcohol) in the presence 
of tin(II) 2-ethylhexanoate. And the solubility experiment indicated that the as-prepared 
copolymer are soluble in a number of organic solvents, including toluene, 
tetrahydrofuran, chloroform, and acetonitrile [65]. Amphiphilic poly(vinyl 
alcohol)-b-polystyrene was prepared by using atom transfer radical polymerization. The 
surface tension experiment indicates that Poly vinyl alcohol-b-polystyrene can 
effectively decrease the surface tension of DMF and its critical micelle concentration is 
about 6:2×10-5mol/L [66]. Except for the amphiphilic PVA copolymers, numerous 
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water soluble PVA copolymers were also synthesized in the past decades. For instance, 
poly vinyl alcohol-b-polyvinyl pyridine [67], Poly vinyl alcohol-b-poly acrylonitrile [68] 
were synthesized by using cerium-initiated polymerization. Polyvinyl 
alcohol-b-polyglycidyl methacrylate was synthesized by using Cu-H2O2 redox system 
[69]. Among the methods mentioned above, cerium-initiated polymerization is one of 
the most versatile methods for PVA block copolymer preparation.  
 
Redox polymerization is a kind of free radical polymerization reaction initiated by a 
reaction between an oxidant and reductant. The oxidizers usually contain peroxides, 
transition metal salts and persulphates. Cerium (Ⅳ) is a kind of transition metal ions, 
which can interact with numerous reducing agents such as hydroxyl groups, amine and 
thiols, and produce free radicals. Due to abundant hydroxyl groups in PVA molecular 
chain, PVA can not only be used as a reductant for cerium ions [70-72] but also an ideal 
in-situ initiator for PVA-based block copolymer preparation [71, 73]. Fig 2.7 indicates 
the graft copolymerization of quaternary ammonium monomers group on poly (vinyl 
alcohol) under the catalysis of ceric ions. There are only two kinds of PVA 
configurations head-to-head and head-to-tail. For the head-to-tail head-to-head 
configuration, the hydroxyl groups are isolated. For the head-to-head configuration, the 
hydroxyl groups are adjacent and is of 1,2-diol units. It is reported that only about 2% 
percent of monomers are linked with the head-to-head configuration [74]. During the 
cerium oxidation process, the oxidation of 1,2-diol units are much more vulnerable than 
the isolated hydroxyl groups. After the oxidation, the C-C bond connecting the vicinal 
hydroxyl groups will open and a new radical be produced at the end of the PVA 
fragment [72]. It is worth mentioning that cerium polymerization must be carried out in 
acid solution because the H+ will be consumed in the oxidation process. Currently, 
many PVA based copolymers have been synthesized by cerium-initiated polymerization. 
For instance, Poly vinyl alcohol-b-polyvinyl pyridine [67], Poly vinyl alcohol-b-poly 
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acrylonitrile [68] and Poly vinyl alcohol-b-N-(2-Methacryloyloxy) 
ethyl-N,N-dimethylethyl-ammonium bromide [73].  
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Figure 2-7 Graft copolymerization of water-soluble monomers containing 
quaternary ammonium group on poly (vinyl alcohol) using ceric ions [73] 
 
2.3 PVA composites 
 
Due to the unique non-toxicity, biocompatibility and biodegradability, high 
performance PVA composites have shown great potential for both theoretical research 
and practical applications [75-78]. Generally speaking, there are two major methods for 
the fabrication of PVA composites, which are blending with other functional polymers 
such as chitosan [79, 80] and collagen hydrolysate [81, 82] or reinforced fillers such as 
vermiculite [83], sepiolite [84], and nanospherical cellulose particles [85]. The former 
method usually focuses on introducing new functions. For instance, blending with 
chitosan can normally form effective antibacterial activities [79, 80], while collagen 
hydrolysate used can adjust the degradation speed [81, 82]. Furthermore, the 
intermolecular hydrogen bonding interactions between PVA and the introduced 
polymers can effectively adjust the gas permeability for the new composites. These 
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characteristics can be applied for developing wound dressing [86] or bakery industry 
[23] based materials. 
 
The second method aims at improving mechanical properties. In the past several 
decades, many reinforcements have been applied in PVA matrix to improve the strength 
of PVA composites. Those reinforcements include α-zirconium phosphate [87], GO [88, 
89], reduced graphene oxide (RGO) or graphene [19, 89-92], CNT [75, 76], Na+ 
montmorillonite [93, 94] and rice straw [95, 96]. Among them, Na+ montmorillonite, 
CNT and graphene are regarded as the most effective reinforcements due to their high 
strength and high aspect ratio, which are widely used in many polymer matrixes such as 
natural rubber [97-99], epoxy resin [100-102], and phenolic resins [103-105]. Thus, 
only the application of those three materials in PVA matrix will be reviewed in details.   
 
In the year of 2000, Na+ montmorillonite was used to reinforce PVA and it was 
interesting to find that there are both exfoliated and intercalated MMT layers in PVA 
matrix when the loading of MMT clay is not high. Also a new crystalline phase is 
induced by the loading of MMT clay, characterized by different crystal structure and 
higher melting temperature. The mechanical properties of the PVA/MMT clay are 
improved greatly and reach the maximum when Na+ montmorillonite loading is 4.0% 
[93].  
 
Later on, gum Arabic was used to stabilize CNT with an aspect ratio of about 200, 
which was then mixed with PVA solution to PVA/ CNT composites. The final 
mechanical test shows that the ultimate tensile strength was improved more than 40% 
when the loading of CNT is 2.0% [76]. However, many reports demonstrated that CNTs 
are toxic [22, 106], which cannot be used for environmental friendly applications. 
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As a non-toxic material, Graphene possesses the similar structure to that of the CNTs, 
and is regarded as an ideal reinforcement material for high strength composite 
preparation. In the year of 2009, it is reported that the molecular-level dispersion of 
graphene was realized in PVA matrix [107]. Due to the very good dispersion, efficient 
load transfer is achieved between the filler graphene and matrix PVA. For example, 0.7 
wt% loading of graphene can lead to 76% and 62% improvement for tensile strength 
and Young's modulus, respectively. Furthermore, very good agreement is found 
between the Halpin–Tsai theoretical prediction and experimental data [107]. After that, 
Ma and co-authors optimized the PVA/graphene composite fabrication. They first 
prepared poly (N-vinyl-2-pyrrolidone)-stabilized graphene, which was then mixed with 
PVA solution for PVA/graphene composite fabrication. According to their SEM 
investigation, the dispersion of graphene in PVA matrix is very homogenous. Due to 
strong interfacial interaction between PVA and graphene, the crystallinity of the 
PVA/graphene composites decreased while the glass transition temperature improved. 
The mechanical test indicated that the tensile strength of PVA composites can be 
improved by more than 40% [91].  
 
 
Figure 2-8 Snapshots of a GO sheet interacting with a CNT (a) snapshots at time 
intervals from 0 to 500 ps and (b) side-view of the conformation at 500 ps [75] 
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Although reinforcements from fillers such as CNTs, MMT clay and graphene are very 
useful for PVA mechanical enhancement, it may easily lead to saturated reinforcement 
when the filler loading is high. This may limit the further improvement of the composite 
strength [20]. To solve this problem, great efforts have been initiated on the synergistic 
enhancement recently. Some recently developed synergistic systems include hybrid 
carbon nantube-GO in PVA [75], acid-treated multi-walled carbon-graphene sheets in 
PVA [108], nanoclay and carbon black in natural rubber matrix [21, 109], nanoclay and 
carbon black in ethylene-propylene-diene rubber matrix [110], nanobarite and carbon 
black in natural rubber [111], starch nanocrystals and cellulose whiskers in waterborne 
polyurethane [112], nanoclay and graphene in chitosan film [20] and CNTs and clay in 
epoxy resin [113, 114].   
 
It is worth mentioning that a synergistic enhancement system can be realized by using 
GO as a dispersing agent to stabilize CNTs in PVA matrix. According to this report [75], 
the optimized weight ratio for GO: CNTs is about 2:1. The experimental results are also 
supported by MD simulations, which show that the interaction between CNTs and GO 
is strong and is thermodynamically favorable comparing to the CNT agglomeration (Fig 
2.8). Thus GO can be used to stabilize CNTs and effectively improve their dispersion. 
Due to the strong affinity between GO sheets and CNTs, the dispersion of CNTs is very 
homogenous in PVA matrix. Tensile test indicated that the optimal mechanical strength 
for PVA/graphene-CNTs can be gained when the loading of graphene-CNTs is between 
2.0–3.0 wt%. It is worth mentioning that an extra 13.0% and 15.0% enhancement of 
tensile strength and modulus for PVA/graphene-CNTs were realized comparing to the 
usage of single fillereither graphene or CNTs [75].  
 
In the year 2012, a novel method was introduced to RGO with the stabilization of 
acid-treated multi-walled CNTs (A-CNTs). And it was found that there are strong 
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interactions between graphene and A-CNTs, which lead to the formation of 
A-CNTs-graphene hybrid. Fig 2.9 shows the vivid images of A-CNTs-graphene hybrid 
and the co-dispersion mechanism. Further transmission electron microscope 
investigation indicated that the dispersion of the as-prepared A-CNTs-graphene 
hybrid/PVA composite is improved greatly compared to the A-CNTs/PVA and 
graphene/PVA composites (Fig 2.10), which demonstrates that the hybridization 
between graphene and A-CNTs can greatly improve the synergistic co-dispersion of 
graphene and A-CNTs. Due to the homogenous dispersion of A-CNTs-graphene hybrid, 
the mechanical properties of the PVA nanocomposite can be greatly improved. For 
instance, 0.6 wt% A-CNTs-graphene hybrid loading can lead to 77% and 65% 
improvement of tensile strength and Young’s modulus, respectively, which are nearly 
30.0% higher than the percent improvement of A-CNTs/PVA (0.3%) and 
graphene/PVA (0.3%) combined. Similar to the findings of other findings [75], this 
extra 30.0% improvement is also due to the synergistic effect [108].  
 
 
 
Figure 2-9 Schematic illustrations for the co-dispersion mechanism of 
A-CNTs-graphene hybrid [108] 
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Figure 2-10 TEM images showing nanofiller dispersion from the ultrathin section 
of (a) PVA/A-CNTs, (b) PVA/(A-CNTs-graphene), (c) PVA/graphene, and (d) 
PVA/(graphene-CNT mixture) composite films [108] 
 
2.4 PVA crystallization 
 
The crystallite growth of PVA macromolecules will take place when their melts are 
cooled [115, 116] as well as their solutions are evaporated [117-119] or frozen [43, 44]. 
Crystallization behaviours, mechanism and kinetics are of very importance for the 
theoretical research and practical application for PVA.  
 
The first successful preparation of PVA single crystals was obtained in 1963 by Two 
groups of scientists independently, who used different solvents to dissolve PVA and got 
the single crystals by isothermal crystallization from their dilute solutions respectively 
[119]. According to the investigation of electron micrograph (Fig 2.11), the PVA 
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platelets are parallelogrammic and the ratio of the longer side to the shorter side is 
around 5. The lamella thickness is about 10-15 nanometers.  
 
 
 
Figure 2-11 Electron micrograph of PVA single crystals [119] 
 
PVA crystals can also grow in the concentrated PVA solution. It was found that a new 
physically crosslinked PVA gel can be prepared by repeated elution method. During the 
elution process, the non-crosslinked polyvinyl alcohol macromolecules expand into the 
water solution and the crosslinked polyvinyl alcohol remain in the PVA disk. Further 
ATR, FTIR and XRD analyses indicated that there are microcrystals formed in PVA 
disks joined by the strong hydrogen bonds interactions. The microcrystals are 
homogeneously distributed within the amorphous PVA, which is responsible for the 
crosslinking of the amorphous region [117]. It is found that the external solvents can 
affect the formation of hydrogen bonds and microcrystals. For instance, good solvents 
such as DMSO and water can partly destroy the hydrogen bonds and microcrystals. On 
the contrary, poor solvents such as alcohol–water, methanol–water acetone–water 
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mixed system can result in the shrinkage of the PVA hydrogel [120]. Furthermore, it 
was reported that the amount of polymer eluted is related to the elution-drying cycle and 
polymerization degree. For instance, the first elution can lead to about 50% and 80% of 
the total weight loss and that weight loss will keep decreasing gradually with the 
repeated elution. Higher degree of polymerization (higher molecular weight) can 
shorten the weight loss times [118].  
 
Epitaxy is defined as the crystalline growth of a material on a monocrystalline substrate 
where the substrate acts as a seed to initiate/template crystal growth [121]. Previous 
reports showed that epitaxial interaction is existing in numerous systems such as Ag or 
Au on MgO [121], polypropylene on CNTs [122] and poly(vinylidene chloride) on 
graphite [123]. Minus and co-authors prepared diluted PVA/single wall CNT solution 
and allowed it to crystallize in sealed flasks at 25 ºC [124]. Fig 2.12 shows the 
comparison images of the as-obtained crystals and CNTs coated with PVA. The PVA 
crystals possess of characteristic appearance of aloe plant-like shapes with single 
crystals grown from the centralized region or hexagonal rod shapes, which are totally 
different from the stick bundle-shaped CNTs. It needs about 9 months and 18 months 
for PVA to form aloe plant-like crystals and hexagonal rod-shaped crystals, respectively. 
Further high-resolution transmission electron micrographs, electron diffraction, and 
wide-angle X-Ray diffraction indicate that there is an epitaxial interaction between PVA 
and SWNT and PVA macromolecules can make an angle with the nanotube axis for a 
specific tub [124]. Similar result was also found in gel-spun poly (vinyl 
alcohol)/single-wall CNT composite fibers where the extended-chain crystal growth of 
PVA is located at the PVA–SWNT interface, which leads to great improvement of 
tensile strength [125].  
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Figure 2-12 High resolution TEM. (a): SWNT bundles coated with PVA, (b): 
fibrils showing that PVA coating on SWNT is crystalline, and (c): higher 
magnification image where molecular lattice is visible (lattice spacing 0.35 nm). 
Scanning electron micrographs (d): aloe plant crystal structures, (e,f): hexagonal 
rod crystals [124] 
 
Apart from crystallization in room temperature, great interests have also been focused 
on the melting crystallization of PVA [126-128]. This is because melting crystallization 
is closely related to real industrial processes. For industrial extrusion and film forming 
processes, polymer materials will suffer from the cycle of heating, melting, cooling and 
crystallization. During the final cooling and crystallization steps, polymer materials will 
be finally molded. For PVA composites, a small amount of reinforcement such as 
silicon dioxide or attapulgite [129] loaded will affect the ultimate melting and 
crystallization behaviour of PVA. Therefore, it is very important to analyse the 
crystallization process of PVA composites for optimizing the processing conditions like 
mold temperature and holding time. In the last several decades, differential scanning 
calorimetry (DSC) [115, 116] and FTIR [116, 130-132] have been widely used to 
investigate the crystallization process of PVA under melting.  
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Differential scanning calorimetry (DSC) is a very sensitive thermo-analytical technique, 
which was developed in 1962 [133]. During the testing process, the sample and the 
reference are kept at the same temperature while the amount of heat required to increase 
the temperature of a sample or reference is recorded as a function of predetermined 
temperature, which is normally designed as linearly increase as a function of time. 
When there is any phase transition happened, the real time heat entropy will be recorded. 
That as-obtained entropy change can be further used to analyse the phase transition 
kinetics and thermodynamics.  
 
Two heating methods based on DSC technique have been widely used to investigate the 
polymer cystallization process, which are termed isothermal and non-isothermal 
crystallization processes. For isothermal or non-isothermal crystallization experiment, 
the polymer samples need firstly to be heated to a predetermined temperature (at least 
5°C above the end of polymer melting) and held for several minutes to remove residual 
anisotropy completely in the liquid phase [134]. The samples are then cooled at constant 
rates for non-isothermal process, or quenched to a fixed temperature below the melting 
point quickly and held until the crystallization is completed for the isothermal process. 
During this process, the as-measured heat flow is a function of both heating time and 
temperature, which is related to the rate of crystallization. By using the related physical 
and mathematical modelings, some fundamental physical parameters or information 
such as crystallization rate [128], nucleation constant [134, 135], equilibrium melting 
point [134, 136, 137], lateral and fold surface free energy [134, 135] can be obtained. 
For practical production processes such as extrusion, polymers are usually processed 
under dynamic, non-isothermal conditions. Thus, non-isothermal crystallization kinetics 
can provide direct information for polymer production.   
 
24 
 
In the past decades, extensive research on isothermal and non-isothermal PVA or PVA 
composite crystallization kinetics has been reported, including cystallizaton kinetics 
[116], possible degradation during crystallization [116, 138], equilibrium melting point 
[139] and lateral and fold surface free energy[140].  
 
The non-isothermal crystallization behaviours of partially hydrolysed poly (vinyl 
alcohol) have been analysed by using different physical models. Due to the secondary 
crystallization of PVA, the Ozawa and Friedman equations cannot describe the PVA 
crystallization process well. But Mo method can fit the experimental results very well in 
the full temperature range investigated [116]. A series of PVA isothermal crystallization 
processes were also investigated and it was found that tacticity can clearly affect the 
equilibrium melting point of PVA. Generally, a higher stereoregularity means a higher 
equilibrium melting point. And isotactic sequences apparently make the polymer more 
difficult to crystallize and tend to reduce the equilibrium melting point. This is because 
that isotactic placement of hydroxyl groups leads to intramolecular hydrogen bonding 
and decrease intermolecular forces [139].  
 
In regard to the possible degradation problems involved in PVA melting crystallization 
process, some controversial findings have been reported [116, 138, 140, 141]. One 
report claimed that the thermal degradation of PVA during the melting seriously 
interfered with the crystallization [140] . Therefore, a unique high vacuum DSC test was 
set up for PVA equilibrium melting test. It was found that the real equilibrium melting 
of PVA was detected without any degradation [140]. Another report also showed that 
the degradation involved in the melting and crystallization process is really based on the 
failed repeatability of crystallization exotherms at different cooling cycles [138]. 
However, FTIR investigation of the possible decomposition of PVA after the DSC test 
indicated that only a decreased peak at 1141cm-1 was found after the crystallization. 
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This peak is related to the crystalline-sensitive bond and cannot demonstrate the 
degradation during the isothermal crystallization process [141]. Meanwhile, the 
feasibility of high vacuum DSC tests and repeatable DSC measurements were 
questioned. Thus it is concluded that it is possible to carry out non-isothermal 
crystallization analysis [116]. After that, there are still several reports about the 
crystallization of PVA composites such as PVA/hydroxyethyl cellulose [127], 
PVA/polypyrrole nanoparticle [131], PVA/graphene [132] and PVA/SiO2 [142]. It is 
agreed that there is no degradation of PVA during the crystallization process.  
 
2.5 PVA degradation 
 
The matrix of organic polymers or polymer composites is normally composed of 
millions of repeated linked units with carbon, hydrogen, oxygen and nitrogen. Those 
molecular structures are normally unstable under the influence of heat, light or erosive 
chemicals. Some structural changes both chemically and physically, including weight 
loss, declined tensile strength, change of color and shape, will happen if the outside 
effects are strong enough. This process is normally termed as degradation or aging, 
which is irreversible and detrimental to material applications. From the standpoint of 
chemistry, the degradation process is a very complex multiple-step reaction. Therefore, 
exploration of polymer degradation especially the mechanism and kinetics is very 
important theoretically and practically.  
 
With regard to the PVA and PVA composites, the investigation into degradation mainly 
focuses on the degradation mechanism such as decomposition reaction and the 
determination of decomposition products as well as degradation kinetics including 
isothermal and non-isothermal degradation forecast.  
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2.5.1 Degradation mechanism 
 
To explore the possible decomposition reaction involved, numerous methods such as 
gas chromatography [143, 144], FTIR spectrum [145, 146], UV-Vis absorption spectra 
[145, 147], pyrolysis-gas chromatography/mass spectrometric analysis [146, 148], XPS 
spectra [145] and solid state nuclear magnetic resonance [148, 149] have been applied 
to analyse the chemical structure change and reaction products.  
 
As PVA is obtained from the hydrolysis of poly (vinyi esters), there are still residual 
acetyl groups remained in the PVA backbone. Those residual acetyl groups may affect 
the PVA degradation behaviours. For instance, comparing to the poly vinyl 
acetate-vinyl alcohol, the thermal decomposition of fully hydrolysed PVA (normally 99% 
hydrolysis) is relative simple. The main degradation products for pure PVA are water, 
unsaturated aldehydes and methyl ketone. The water produced is due to the elimination 
of hydroxyl groups, which also produces C=C bonds along the PVA backbone (Fig, 
2.13). Furthermore, scission of some of the C-C bonds along the PVA backbone can 
result in the formation of the unsaturated end groups such as carbonyl, aldehyde and 
methyl ketone ends [143, 146]. For the thermal decomposition of poly vinyl 
acetate-vinyl alcohol, the residual acetyl groups on the macromolecular backbones will 
be eliminated at high temperature. There are two kinds of reactions elimination of acetic 
acid and water (Fig, 2.14). Those processes both lead to the formation of five and 
six-member rings, which can protect the PVA backbone from being decomposed further 
[145].  
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Figure 2-13 Elimination of H2O [146] 
 
 
 
Figure 2-14 Two possible cyclization reactions of poly vinyl acetate-vinyl alcohol 
during thermal degradation [145] 
 
As for the PVA composites, the inorganic fillers such as SiO2 [146] and 
alpha-zirconium phosphate [150] can clearly affect the PVA matrix degradation. It is 
reported that the SiO2 nanoparticles can lead to the improved thermal stability of PVA. 
Similar to the neat PVA, the degradation process for PVA/SiO2 composite is also a 
two-step process. However, the corresponding degradation mechanism for PVA/SiO2 
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composite is quite different from the pure PVA. Especially the chain-scission reaction is 
emerged in the first stage of PVA/SiO2 degradation, which is normally appeared in the 
second stage of PVA degradation. This chain-scission reaction results in the appearance 
of furan, acetaldehyde and acetone [146]. For PVA/alpha-zirconium phosphate 
composites, it is found that the alpha-zirconium phosphate can act as an acidic catalyst 
to accelerate the carbonization of PVA matrix. And it is also worth mentioning that the 
carbonized PVA residue can form phosphate-carbon complexes, which enhance the 
thermal stability and flame retardancy of the PVA/alpha-zirconium phosphate 
composites finally [150].  
 
2.5.2 Degradation kinetics 
 
Polymer degradation kinetics is normally analysed by using thermogravimetric analysis 
technique. During the experimental process, the polymer sample is kept inside a 
crucible which is heated with a controlled temperature program. If the decomposition 
happens, the weight of the samples will be changed with the heating time or 
predetermined temperature, which can be regarded as a reaction conversion rate [146]. 
By analysing the function relationship between mass change and time, the degradation 
kinetics mechanism can be obtained. Normally, there are two kinds of heating programs 
ie non-isothermal and isothermal process [151]. For non-isothermal process, the 
temperature is continuously raised at a constant rate. Thus the polymer samples are 
decomposed at different temperatures during the test, resulting in different mechanism 
involved. Furthermore, the kinetic equation for non-isothermal process is a non-integral 
function, and various simplifications have to be introduced for final analysis [152]. For 
isothermal processes, the sample temperature is held constant and the corresponding 
mass loss is investigated at this fixed temperature. The fixed temperature enables the 
simplification of polymer degradation process because the degradation mechanism may 
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be the same during the whole process. However, it is very hard to find the time zero for 
degradation time [153]. During the isothermal degradation process, the program 
temperature is heated rapidly from room temperature to the predetermined temperature. 
However, there is still a temperature lag due to different thermal capacity between 
crucible and polymer samples as well as degradation occurrence at lower temperature 
compared to the predetermined temperature. Therefore, both methods contain technical 
disadvantages. 
 
In regard to the degradation kinetics of PVA and PVA composites, both non-isotherm al 
[146, 154] and isothermal degradation kinetics [155, 156] have been investigated. It was 
found that the non-isothermal degradation kinetics of PVA/SiO2 composites can be 
depicted well by Coats-Redfern model. Meanwhile the SiO2 particles lead to the 
improved thermal stability and degradation activation energy [146]. However, kinetic 
model methods are not reliable for real degradation data due to hypothetical reaction 
models [154, 157]. Theoretically, only model free methods can be accepted for real 
degradation process. According to a recent report, although model free method can 
depict the non-isothermal degradation of PVA, it also leads to the deviation between 
calculated and experimental curves，which may be due to the different mechanisms 
involved at different degradation temperature [154]. As for isothermal degradation of 
PVA, previous research analyzed the isothermal degradation of PVA at 548, 558, 568 
and 578 K, respectively and found that the isothermal degradation activation energy of 
PVA is about 200 kJ mol-1[155]. However no research about isothermal kinetics 
prediction for PVA can be found from the literature. 
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2.6 Graphene 
 
2.6.1 Properties and application 
 
Graphene is the material with two-dimensional layers of carbon atoms lattice, which is a 
basic constructional element for graphite based materials such as zero-dimensional 
fullerenes, one-dimensional nanotubes or three-dimensional graphite. As can be seen 
from Fig 2.15, graphene can be wrapped up, rolled and stacked into fullerenes, 
nanotubes and graphite, respectively. In spite of research of more than sixty years [158, 
159], the free-standing graphene was unexpectedly found by using mechanical 
exfoliation of  graphite with a scotch tape in the year 2004 [160]. After that, it has 
become a rising star in the field of materials science and condensed-matter physics due 
to its outstanding properties [161].  
 
 
Figure 2-15 The schematic of graphene and its building for buckyballs, nanotubes 
and graphite [161] 
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Graphene has Young’s modulus and intrinsic strength of approximately 1 TPa and 130 
GPa, respectively [162], and is one of the strongest material in nature. Therefore, 
graphene is widely used as a kind of effective enhancer to fabricate high strength 
polymer composites such as graphene/epoxy resin [163], graphen/natural rubber [98], 
graphene/poly(vinyl chloride) [164] and graphene/poly (vinyl alcohol) composites. 
According to our previous investigation, 0.07% loading of graphene into natural rubber 
latex can lead to 9% improvement of tensile strength [98]. Vadukumpully and 
co-authors [164] reported that 2 wt.% loading of graphene in poly(vinyl chloride) films 
can result in a 58% increase in Young’s modulus and a 130% improvement of ultimate 
tensile strength. The mechanism for effective enhancement with graphene is due to the 
successful loading transfer between graphene and polymer matrix [98, 164]. In regard to 
graphene/natural rubber system, the glass transition temperature is improved by 6°C 
after the loading of graphene. Furthermore, the overall free-volume number and fraction 
are clearly decreased after the loading of graphene based on the positron lifetime 
measurements. All those results demonstrate that there are strong interfacial interactions 
between graphene and natural rubber, which enable the successful loading transfer [98]. 
Similar results are also found in graphene/poly (vinyl alcohol) system and the loading of 
2 wt.% graphene leads to an improvement of nearly 20°C in glass transition temperature, 
indicating graphene can effectively restrict the segmental motion of poly (vinyl alcohol) 
chains. Apart from superior mechanical strength, graphene sheets also possess 
extraordinary electric transport properties with a carrier mobilities as high as 200,000 
cm2 V−1 s−1[160, 165] as well as good thermal conductivity (up to 5000 Wm-1K-1) [166, 
167]. Those superior properties enable graphene to be a good candidate for the 
fabrication of high performance electric and thermal conductive composites [167-169].  
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2.6.2 Graphene fabrication 
 
In spite of its superior performance, the availability of graphene is a prerequisite for 
practical applications. Currently there are several methods for graphene production such 
as mechanical exfoliation of graphite [160, 170], epitaxial growth on SiC [171, 172], 
chemical vapour depositions [173, 174] and chemical exfoliation[101, 108]. 
 
Comparing to other methods, the mechanical cleavage of highly oriented pyrolytic 
graphite can acquire best quality graphene ideal for fundamental studies, in spite of 
occasional structural defects. However, it is very hard to control the thickness and size 
of graphene obtained [160].Epitaxial growth is a method conversing SiC (0001) to 
graphene via silicon atoms sublimation at high vacuum and temperatures, which can 
effectively control the thickness and get high purity graphene. [175]. Especially, 
epitaxial growth can produce high-quality wafer size graphene with switching speeds of 
up to 100GHz[176]. However, the initial SiC wafer is very expensive, which limit its 
wide application. In all, this method is suitable for high-end application such as 
electronics industry [177].  
 
Chemical vapour deposition is a chemical reaction process to produce high-purity and 
high-performance solid materials on the substrate, which is widely used in the 
semiconductor industry. It was first used to prepare graphene in year 2008 and 2009 
[178, 179]. Currently, many substrates have been used to fabricate grephene such as Ni 
[178], Cu [180], Ru [181] and Pt [182]. For a typical graphene fabrication process, the 
metal foils such as copper or nickel were first annealed in Ar/H2 atmosphere at about 
950 °C to enhance grain size and then exposed to CH4/H2 mixture. During this step, 
hydrocarbon is decomposed and new-produced carbon atoms are dissolved into the 
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metal film to form a solid mixture solution. During the final cooling process, carbon 
atoms diffuse out and form graphene films on the metal surface [178]. This method can 
get graphene sheets with controllable size and thickness, but not suitable for large-scale 
applications, for instance, polymer composites.  
 
Chemical exfoliation involves three stages. The pristine graphite is first oxidized and 
purified, followed by exfoliation and chemical reduction [183]. Compared to other three 
methods, chemical exfoliation is the only method that can get large-scale products. 
However, the obtained graphene possesses very poor regularity. For instance, the 
residual epoxy, hydroxyl and carboxyl groups may still be remained on the surface. 
Thus the as-synthesized graphene cannot be used for electronics industry. However, 
those abundant functional groups grant graphene new chemical activity, which is ideal 
for polymer composite fabrication.  
 
Most of the GO synthesis methods are based on three traditional methods, ie Brodie 
[184], Hummers [185], and Staudenmeier [186] methods. Brodie first used potassium 
chlorate and nitric acid to oxidize graphite and got a new material with a molecular 
formula of C2.19H0.80O1.00. This new material was named as graphic acid because it is 
not soluble in acid [184]. About forty years later, Staudenmaier modified Brodie’s 
method by adding extra concentrated sulphuric acid to the reaction system to improve 
the acidity. The chlorate used in the reaction system was also improved. Thus the 
oxygen content in the as-obtained GO is higher than that from Brodie’s method [186]. 
Hummers and Offeman [185] improved the oxidation process by using alternate 
oxidation method. Furthermore, they used a mixture of potassium permanganate and 
concentrated sulfuric acid to replace the widely used potassium chlorate and nitric acid . 
After the oxidation process, many functional groups such as hydroxyl and epoxy groups 
will be introduced into graphite planes, which lead to the enhanced distance and partly 
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exfoliated structure [187]. This structure is then ready for complete exfoliation. After 
purification, the as-obtained graphite oxides need to be further exfoliated under 
sonification [98]. During the exfoliation stage, the interlayer distance of graphite oxide 
is effectively enhanced and finally exfoliated, which can then be called as GO. The 
exfoliated GO can be dispersed in water stably, while the small amount of sediment 
existed will be disposed normally [187]. For the final reduction, many reducing agents 
such as vitamin C [188], hydrazine [98], sodium borohydride [189] and alkaline 
solutions [190] can all be used for the deoxygenation of GO. For all the reducers used, 
the reaction is carried out at a high temperature, normally around 95°C. 
 
2.7 Montmorillonite clay 
 
Montmorillonite (MMT) is a very widely distributed clay material originating from the 
devitrification and chemical alteration of glassy volcanic ash or tuff [191]. It belongs to 
the group of expandable 2:1 layer silicate minerals and exhibits the composition Nax 
(Al2-xMgx)(OH)2Si4O10 (derived from Al2(OH)2Si4O10) [192, 193]. Fig 2.16 indicates 
the crystal structure of MMT clay where the aluminum and magnesium ions occupy an 
octahedral sheet, between two tetrahedral silicate sheets [194]. In nature, the ubiquitous 
isomorphic substitution by lower valence cations such as Al3+ replaced by Mg2+ within 
the layers may generate excessive negative charges. The negative silicate layers are 
usually counterbalanced by exchangeable cations such as Na+ or Ca2+cations situated in 
the interlayer, which are named as sodium or calcium montmorillonite, respectively. 
These negative layers form stacks by a regular van der Waals gap between them, which 
is called the interlayer or the gallery. There are still small amounts of impurities existed 
such as amorphous silica, amorphous hydroxides of aluminum and iron as well as 
cristobalite [195]. Previous microscopy investigation indicated that each of the silicate 
interlayers is about 100-200 nm in dimension and only about 1 nm in thickness. The 
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interlayer spacing between the stacked layers is also about 1 nm [196, 197]. This special 
structure enables MMT platelets to possess superior properties such as high surface area 
and aspect ratio. In addition, theoretical prediction indicates that MMT owns very good 
mechanical properties. Its Young’s modulus is about 140-160 GPa [198]. Therefore, 
introducing MMT into polymers can potentially greatly improve the mechanical 
properties of MMT/polymer composites. For instance, Chen and co-workers [199] 
prepared a series of poly (vinyl chloride)/MMT composites by using Haake torque 
rheometer. And the result indicates that the tensile strength, yield strength, and 
elongation at break of the rigid PVC/MMT nanocomposites were improved greatly after 
adding 1–3 wt % Na-MMT or organically modified MMT with respect to that of 
pristine PVC [199].  
 
However, the pristine MMT only exists in agglomerates of the MMT fundamental units. 
Each unit is composed of about 8-10 layered MMT platelets and the diameter of the 
whole agglomerates is of about 1-10 µm [196]. The agglomerates are produced by the 
electrostatic attraction among the negative silicate layers and the exchangeable cations. 
Due to the relatively weak forces among the stacks, the intercalation of other cation 
molecules between the layers is workable [197, 200]. This develops an easy method to 
exfoliate and modify MMT with improved properties. However, fully exfoliated MMT 
is very hard to be realized, as the simple intercalation may only lead to the enlargement 
of the silicate gallery and the basal spacing [201]. In the last few decades, numerous 
methods, including intercalation and in situ polymerization, have been applied to 
synthesise isolated MMT platelets or exfoliated MMT composites.  
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Figure 2-16 Montmorillonite crystal structure [194] 
 
The mechanism for MMT intercalation is ion exchange. There are two kinds of 
intercalation reagents: small molecular organic cations [202, 203] and polyamine 
cations [204, 205]. Small molecular organic cations can be divided into long-chain 
alkylammonium salts or alkylamines [203], amino acids [206]  and gemini surfactants 
[207]. The intercalation between all the small molecular organic cationsmay lead to 
surface property transform (normally from hydrophilicity to hydrophobicity) and 
interlayer space expansion [203, 207]. Thus, small molecular cation intercalation 
method is widely used to improve the compatibility of hydrophilic MMT and 
hydrophobic polymers as well as interface area and interaction between MMT and 
polymer matrix[208]. Previous research indicated that longer molecule chains are more 
effective than the shorter ones [203] and geminications are better than the single chain 
cations [207]. In addition to the improved properties of polymer composites, small 
molecular cation intercalation may result in new applications for MMT such as 
pollutant removal including hydrocarbons and pesticides [209].Polymer cations have 
similar electrostatic characteristics to these of small molecular organic cations, but their 
intercalation research was scarcely studied in the past ten years. The possible reason 
may be that commercially available cationic polyelectrolytes are relatively limited 
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compared to the small molecular organic cations and most of the cationic 
polyelectrolytes are synthesized in laboratory[201, 204, 205, 210].  
 
In situ interlayer polymerization is a versatile method to prepare MMT/polymer 
composite. It usually involves two steps. For the first step, organic monomers penetrate 
into the interlayers between MMT and swell completely in the clay gallery. In the 
second step, the monomers are polymerized in the clay galleries. And the polymer chain 
growth may lead to the enlargement of the distance between interlayers and make the 
MMT exfoliate effectively [211, 212]. Currently, several methods have been used for 
the intercalation polymerization of different monomers, such as ring-opening 
polymerization [213], free radical polymerization [214] and anionic intercalation 
polymerization [215]. For instance, n-butyllithium was used as a catalyst to initiate the 
in-situ anionic polymerization of butadiene and styrene. The results indicated that the 
monomer conversion rate can reach 90% in three hours. The XRD results revealed that 
the diffraction (d001) of OMMT disappears. Also TEM investigation showed that the 
montmorillonite layers are exfoliated sufficiently in the polymer matrix [215]. 
Furthermore, a new surfactant N, N, 
N-trimethyl-2-oxo-1-phenyl-2-(undecen-10-enyloxy) ethane ammonium chloride was 
used to initiate the interlayer free radical polymerization of styrene in the presence of 
pyridine. The exfoliated structure of MMT was demonstrated by the TEM and XRD 
analyses. In comparison with the pure polystyrene, polystyrene/MMT composite shows 
better thermal stability [214]. Currently, nearly all the intercalation polymerization is 
carried out in solvents such as toluene or pyridine. More recently, report indicated that 
the intercalation [216] and intercalation polymerization [217] can be carried out in solid 
state. Riaz and Ashraf mixed and ground MMT and aniline together at room 
temperature for 12 minutes. The mixture was collected without any other processing. 
After ten weeks ageing, the intercalated aniline was polymerized automatically and 
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changed into polyaniline. Meanwhile the d001 of MMT shifted to small angle. This 
proved that the in-situ solid polymerization is successful [217]. 
 
2.8 Summary 
 
This literature review presents some fundamental information about physical and 
chemical properties of PVA, PVA composites preparation and application, PVA 
crystallization and PVA degradation. In addition, the properties and applications of 
graphene and MMT clay were also systematically reviewed. Based on the findings of 
the literature review above, there are three major problems for PVA composites, which 
are poor mechanical properties, conflicting reports about melting-crystallization as well 
as the lack of understanding on isothermal degradation of PVA and its composites. 
Therefore, this thesis will focus on developing new reinforcing system for PVA 
composites, analysing the melting crystallization mechanism of PVA and PVA 
composites, as well as exploring the mechanism of isothermal degradation of PVA and 
its composites.    
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3 METHODOLOGY 
 
3.1 Introduction 
 
This chapter outlines the chemicals, sample preparation methods, characterization 
technologies and experiment methods used in this thesis. Initially, all the chemical 
reagents and auxiliary materials are specified. Furthermore, fabrication technologies for 
the PVA/graphene composites are illustrated, including GO synthesis, in-situ reduction 
of GO and PVA composites preparation. In addition, technologies for the 
characterization of samples in terms of morphology, chemical composition, crystallinity 
and crystal structure, static mechanical properties and dynamic mechanical analysis are 
indicated respectively. Finally, detailed methods for non-isothermal crystallization and 
isothermal degradation experiments of PVA composites are presented.  
 
3.2 Materials 
 
PVA (Mw ~145,000, hydrolysis degree of 98-99%), potassium permanganate,  
hydrogen peroxide (30%wt), hydrazine hydrateand (35% wt), dialysis tubing cellulose 
membrane (molecular weight cut-off = 14,000) and Graphite (particle size <45μm) were 
all purchased from Sigma Aldrich (Sydney, Australia). Montmorillonite clay (Cloisite ® 
Na+) was provided by Southern clay products (USA). All other chemicals were of 
analytical grade and supplied by the chemical store of Deakin University (Geelong 
Campus, Australia).  
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3.3 Fabrication of PVA composites 
 
Three series of PVA composites are prepared in this thesis, which are PVA/MMT, 
PVA/graphene and PVA/graphene/MMT (Fig 3.1). The detailed fabrication methods 
will be illustrated in this section.  
 
 
Figure 3-1 Schematic of PVA composite fabrication process 
 
3.3.1 Synthesis of GO  
 
GO was synthesized from natural graphite by a modified Hummers method [98]. 
Generally, there are four steps involved, which are pre-oxidation, oxidation, purification 
and exfoliation.  
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3.3.1.1 Pre-oxidation and oxidation 
 
50.0 grams of H2SO4 (98%) and 2.0 g of graphite were placed in a reactor cooled at 0 
ºC by using an ice-salt bath. After mixing the suspension for 30 min, 0.3 g KMnO4 were 
added in small portions to keep the temperature in the reactor not higher than 10ºC. 
Thirty minutes later, a further 6.0 g KMnO4 were gradually added to the suspension. 
After KMnO4 feeding was finished, the reactor was heated to about 35 ºC, and kept at 
this temperature for additional 120 min. As the reaction was progressing, the suspension 
became pasty and brownish in colour. At the end of this 120 min period, 90 ml water 
was slowly stirred into the paste to prevent violent effervescence, causing an increase in 
temperature to 90~95 ºC. The diluted suspension, now brown in colour, was maintained 
at this temperature for 15 min. The suspension was then further treated with a mixture 
of 7 ml hydrogen peroxide (30%) and 53 ml water to reduce the residual permanganate 
and MnO2 to soluble MnSO4. The suspension was then filtered and washed with 
distilled water for three times.  
 
3.3.1.2 Purification and exfoliation 
 
The as-synthesized GO was then dissolved in deionised water and purified again by 
dialysis in deionised water, which was changed twice every day. After 8 days, the GO 
solution was transferred to a beak and exfoliated by using a probe sonicator (Shengxi 
Instrument Company, Shanghai, China) with a 60% of amplitude (240w). To avoid the 
overheating, the sonification process of five minutes was repeated for three times with a 
10 minutes interval between the sonification processes. After sonification, the GO 
solution was kept standing for 6 hours to allow for the sediment to deposit on the 
bottom and the upper homogenous GO solution was then collected for later use. To get 
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the accurate concentration of the final GO solution, 100 g as-obtained GO solution in a 
known weight beaker was dried in an oven at 110 °C for three days to remove all the 
water inside. The final weight of the beaker was checked again to get the residual 
weight of dried GO in 100 g GO solution. After that calibration, the as-prepared GO 
solution is concentrated to get 0.3 wt% dispersion for PVA composites fabrication.  
 
3.3.2 in-situ reduction of GO 
 
Aqueous solutions of 5.0 wt % PVA were prepared by dissolving PVA in deionised 
water for 3 h at 95°C, which were then mixed with GO (GO) solution water with 
magnetic stirring. After that, predetermined hydrazine solution (35% wt) was added into 
the mixed solution with stirring. The mixed solutions were then heated to 95°C and kept 
for 20 minutes. And the original pink PVA/GO solution was changed to black colour. 
To get rid of the residual un-reacted hydrazine and produced ammonium, the mixed 
solution was then heated to boiling point and kept for another 10 minutes to let the 
hydrazine and ammonium evaporate completely. For comparison, the RGO was 
prepared in deionised water using the same procedure to estimate the weight loss of GO 
during the in-situ reduction reaction.  
 
3.3.3 Preparation of PVA/MMT composites  
 
Aqueous solutions of 5 wt % PVA were prepared by dissolving PVA in deionised water 
for 3 h at 95°C, which was then cast in a plastic Petri dish and dried in an oven at 40 °C 
for 3 days to get a homogenous reference film. For the fabrication of PVA/MMT 
composite films, 0.4% MMT was first dispersed in deionised water and stirred 
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overnight to get a stable dispersion. This dispersion was then mixed with 5wt%PVA 
and stirred for 2 hours to get a homogenous solution. The as-prepared mixed 
PVA-MMT solutions were finally cast in a plastic Petri dish and dried in an oven at 
40 °C for 3 days to get a homogenous film. The final content for MMT clay in the PVA 
matrix was kept at about 0.3%, 1.0%, 2.0%, 3.0% and 5.0%, which were labelled as 
PM-0.3, PM-1.0, PM-2.0, PM-3.0, PM-4.0 and PM-5.0, respectively.  
 
3.3.4 Preparation of PVA/graphene composites  
 
The as-obtained PVA/graphene solutions from section 3.3.2 were finally cast in a 
plastic Petri dish and dried in an oven at 40 °C for 3 days to get homogenous films. The 
final content for graphene in the PVA matrix was kept as about 0.3%, 0.6%, 0.9%, 1.2% 
and 1.9%, which were then named as composite PG-0.3, PG-0.6, PG-0.9, PG-1.2 and 
PG-1.9, respectively.   
 
3.3.5 PVA/graphene/MMT composites preparation 
 
The same procedures were adopted as 3.3.3 to prepare 0.4% MMT solution, which was 
then mixed with the as-obtained PVA/graphene solutions (see 3.3.2). The mixture was 
stirred for consecutive 3 hours to get homogenous dispersion and then cast into a plastic 
Petri dish to get the PVA/graphene/MMT composite films. All the drying time and 
temperature were kept same as that in 3.2.3 and 3.2.2. To investigate the synergy, a 
series of PVA/graphene/MMT composites were prepared and named as PG-a-M-b. The 
numbers a and b refer to the weight percentage of graphene and MMT clay in the 
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composites, respectively. For instance, PG-0.9-M-0.3 refers to PVA composite contains 
0.9wt% graphene and 0.3wt% MMT.  
 
3.4 Characterization technologies 
 
3.4.1 Dynamic light scattering 
 
The particle size was determined by using a dynamic light scattering spectrometer with 
a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, United Kingdom). The 
spectrometer was equipped with a He–Ne laser, and the digital correlator inside had a 
wavelength of 633 nm. All of the measurements were carried at 20°C in deionised water. 
The concentration of GO was diluted to around 0.08 mg/mL before test.  
 
3.4.2 Scanning electron microscopy (SEM) 
 
The morphology of GO, graphite and PVA composite films was investigated by using 
scanning electron microscopy (Carl Zeiss AG SEM Supra 55VP) at an activation 
voltage of 5 kV. The GO solution was first dipped onto the stub and then dried in the 
oven at 110°C for three hours in advance. For the composite film dispersion analysis, 
the composite solutions were processed using the same procedure as GO. The graphite 
powers were directly stuck onto the double-sided tape. Before investigation, all the 
samples were coated with thin layers of gold at a currency of 40mv for 120 seconds.  
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3.4.3 Differential scanning calorimetry (DSC) 
 
DSC experiments were performed by using a TA-DSC model Q200 instrument under 
nitrogen gas. 7.0±0.5 mg of the PVA composite films were encapsulated in aluminum 
pans and sealed. The specimen were first heated to 245°C at a heating rate of 15°C/min 
and then cooled down at a cooling rate of 20°C/min. The crystallity degree was 
calculated based on the exothermic peak produced during the first heating process. The 
peak area is corresponding to the melting enthalpy and was calculated by the Universal 
analysis 2000 (TA) software. Before the test, all the samples were dried at 40°C in an 
oven for two days. 
 
3.4.4 Fourier transform infrared spectrometer (FTIR) 
 
To investigate the structure change during the DSC and TGA tests, some samples were 
further analysed by FTIR after DSC or TGA test. The FTIR spectra of all the samples 
were measured on a Bruker Vertex-70 FTIR spectrometer by using the attenuated total 
reflectance (ATR) method. The spectra were recorded at the average of 64 scans in the 
standard wavenumber range of 600–4000 cm−1 at a resolution of 4 cm−1. The baseline 
correction, smoothing, normalization and curve fitting of the as-obtained FTIR 
spectrum were all performed using OPUS (Bruker Optik GmbH) software. 
 
3.4.5 X-Ray diffraction (XRD) 
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Crystal properties of graphite, GO, MMT clay and PVA composites were investigated 
by using X-Ray diffraction (XRD). All measurements were conducted on a Phillips 
PW-1729 diffractometer (35 kV, 28 mA) (Amsterdam, the Netherlands) with CuKα 
radiation (λ=0.154 nm). The results were recorded in the range of 2θ=5–80o (by step 
size of 0.05o). The tube voltage and tube current were kept at 40 kV and 40 mA, 
respectively. All the testing samples were fixed onto a glass slide and the scanned area 
was kept for 5×5mm.  
 
3.4.6 Raman spectra 
 
Raman measurements were conducted using a Renishaw In Via Raman 
Microspectrometer (Renishaw plc, Gloucestershire, UK), which was equipped with a 
514-nm Ar+ ion laser (Stellar-REN, Modu-Laser, LLC, Centerville, UT, USA), a 
785-nm Near-IR laser (HPNIR, Renishaw plc, Gloucestershire, UK), and 
thermo-electrical cooled CCD detector. All solid samples were directly measured. As 
for the liquid samples such as GO and RGO solution were all dried on a glass slide in 
advance. The original laser power used to measure the samples was reduced to 10-50% 
to prevent overheating and photochemical damage to the samples. Acquisition 
parameters used for spectral data collection in most cases included 10s exposure time 
and 4-cm-1 spectral resolution. Spectral post-processing consisting of baseline 
correction, curve smoothing, spectrum normalization and curve fitting was performed 
by using OPUS (BrukerOptik GmbH) software. 
 
3.4.7 Dynamic mechanical thermal analyser (DMA) 
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Dynamic mechanical tests were performed on a dynamic mechanical thermal analyzer 
(TA Q800) in a tension mode. The frequency used was 10 Hz. The tan delta was 
measured from 30 to 120°C with a heating rate of 3°C/min. The glass transition 
temperature (Tg) was taken at the maximum of the tan delta. The film areas were all 
kept as 60 (length) × 5.0 (width) mm2. The thickness of specimen was kept around 0.1 
mm and was tested by a micrometer. Before test, all specimens were dried at 40 °C in 
the oven for two days. 
 
3.4.8 Optical microscopy investigation 
 
The optical microscopy investigation of the PVA composites was carried out by using 
the DP 70 Hi Res Camera (Olympus). To investigate the morphology change during the 
non-isothermal crystallization process, some of the PVA composites were taken out 
from the aluminum pans after the heating and cooling cycle. For comparison, the 
original samples were also investigated under the same magnification.  
 
3.4.9 Tensile test 
 
The tensile behaviours of the composite films were analysed by using an Instron 30 K 
testing machine in tensile mode with a load cell of 100 N capacity. The gauge length is 
fixed at 18 mm. The load–displacement curves of the samples were obtained at room 
temperature at a strain rate of 4 mm/min at 20°C. The stress and strain relationship were 
obtained using the standard method [218]. All the specimens were thin films (5 mm×60 
mm) and the thickness was around 0.100 mm. The thickness was confirmed by a 
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micrometer for three tests, and an average figure was used for later calculation. Before 
test, all specimens were dried at 40 °C in the oven for two days.  
 
3.5 Non-isothermal crystallization experiments 
 
The non-isothermal crystallization experiments were also performed by using the 
TA-DSC model Q200 instrument under nitrogen gas. 7.0±0.5 mg of the polymer films 
were encapsulated in aluminium pans and sealed. All the samples were first heated to 
predetermined temperature 245°C and then kept isothermal for 5 minutes to remove any 
nucleation. After that, all the samples were cooled down at a cooling rate of 5°C/min, 
10°C/min, 15°C/min and 20°C/min, respectively to record the crystallization enthalpy. 
Before the test, all the specimens were dried at 40°C in the oven for two days. To check 
the repeatability of crystallization enthalpy, the above-mentioned non-isothermal 
crystallization experiments were repeated for three cycles. For each cycle, the samples 
tested were first heated to predetermined temperature 245°C, followed by being kept 
isothermal for 5 minutes, and finally being cooled down at a cooling rate of 20°C/min, 
respectively. The difference of crystallization enthalpy in different cooling cycles can 
indirectly demonstrate whether the PVA phase transition is repeatable。 
 
3.6 Isothermal degradation experiments 
 
TGA were carried out on a Netzsch STA 409 thermogravimetric analyser using 7.0±0.5 
mg of polymer films. After weighing and stacking the crucibles on the balances, the 
valve of the sample chamber (Fig 3.2) was closed and then vented by using an extra 
pump, which is located behind the thermogravimetric analyser, followed by stopping 
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pumping and purging the pure nitrogen gas in. This process was repeated for three 
cycles to keep a real nitrogen environment. Otherwise, air may be still remained in the 
system which will lead to the interference of oxygen. The heating process was set up 
according to DSC test above. For details, samples was first heated to predetermined 
temperature and then kept isothermal for more than four hours. Four different 
temperatures 240, 245, 250 and 255°C were accepted for the isothermal investigation. 
Similarly, the “time zero” for the calculation of the kinetic data were determined as 5 
minutes after reaching the nominal isothermal temperature [153]. Obviously, the “time 
zero” is late for the real time zero since the degradation has already started when the 
temperature was approaching the melting point of PVA composites. However, the 
degradation kinetics especially the trend can still be well illustrated in this thesis. 
 
Figure 3-2 Schematic of the valve on the top of the sample chamber 
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4 SYNERGISTIC REINFORCEMENT OF PVA 
COMPOSITES 
 
4.1 Introduction 
 
Since the initial emergency of polymer composites in 1940s [219], great superiority 
over the pure polymers have been shown in many aspects such as greatly improved 
tensile strength [75, 91] and thermal stability [87, 220, 221]. Due to the unique 
non-toxicity, biocompatibility and biodegradability, high performance PVA composites 
have shown great interests for both theoretical research and practical applications 
[75-78]. Among them, numerous research works have focused on the improvement in 
mechanical properties of PVA [83, 84]. Although the reinforcement introduced can 
improve the strength greatly at low loading, it will then come to saturation at a higher 
loading [169, 222, 223]. Therefore, it is of vital importance to explore more effective 
system. 
 
Synergistic reinforcing systems [19, 21] using two or more reinforcements in one matrix 
can lead to the extra improvement of the composite strength. Comparing to the single 
reinforcement, synergistic reinforcement shows great superiority and represent the 
future direction of high strength material design. Currently, only carbon nantube-GO 
[75] and carbon nantube-graphene [108] systems have been applied for PVA 
composites fabrication. And both have achieved clear synergistic effect. For instance, 
both systems can realize extra synergy enhancement of 15% and 13%, respectively 
comparing to independent application of the reinforcements at the same amount. 
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Therefore, exploration of new synergy system for PVA composite reinforcement is of 
profound theoretical significance and practical value. Especially, recent research 
indicated that the synergy can also be realized by the jammed fillers network through 
the interaction among MMT, CNT and chitosan [20]. As chitosan is also hydrophilic 
just as PVA, it is anticipated that similar synergy can also be realized in PVA matrix by 
using similar reinforcements.  
 
For environmental friendly application, graphene was used in this work to replace the 
toxic CNTs [22, 106] for the fabrication of PVA-graphene-MMT composites. To better 
the graphene dispersion, PVA-graphene hybrid was obtained according to the previous 
study by the in-situ reduction of GO with the co-existence of PVA [92]. For comparison 
purpose, a series of PVA/graphene composites were also prepared to systematically 
investigate their effects on synergy.  
 
4.2 Synthesis of GO  
 
The morphologies of graphite and the as-prepared GO are shown in Fig. 4.1. The size of 
GO is decreased greatly to about several micrometers (Fig. 4.1(b)) from its original 
graphite of around 20 micrometers (Fig. 4.1(a)). Comparing to the original graphite, the 
thickness of the as-synthesized GO is much thinner thin, indicating the as-prepared GO 
is successfully exfoliated [223]. Furthermore, the morphology of MMT is also 
investigated and compared with the GO. According to the Fig. 4.1(c), MMT possess 
characteristic layer-structure. As observed from the dynamic light scattering results, the 
MMT, distributing from about 500 nm to 2000 nm, is much bigger than that of GO 
sheets (Fig. 4.1(d)).  
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 (a) 
 
(b) 
 
(c) 
53 
 
 (d) 
Figure 4-1 Size comparison (a) scanning electronic microscope images of graphite, 
(b) scanning electronic microscope images of GO; (c) scanning electronic 
microscope images of MMT; (d) size distribution of GO and MMT by dynamic 
light scattering.  
 
 
Figure 4-2 XRD patterns of graphite and GO. 
 
XRD patterns of pristine graphite and GO are shown in Fig. 4.2. The peak (002) for 
graphite shifts from 26.7° to 10.3° after the oxidation and exfoliation, demonstrating a 
great increase in the interlayer distance [224]. The chemical composition of GO is 
obtained from the XPS spectra (Fig. 4.3). Survey spectrum (Fig 4.3(a) and Fig 4.3(b)) 
clearly shows the elements of carbon and oxygen. The asymmetric shape of the peak in 
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C1s spectrum (Fig 4.3(c) and Fig 4.3(d)) indicates the expected oxygen contribution. 
Quantitative information on the oxygen functionalities in the GO and graphene had 
been obtained from deconvolution of spectrum. The carbon oxygen ratio is 2.8:1 for GO. 
After the reduction, the carbon oxygen ratio is improved greatly to 7.5:1 (Fig 4.3 (b)), 
indicating the clear removal of oxygenous materials. Assuming that all the carbon atoms 
are remained during the reduction process, the real weight loss is about 16.5%, which is 
very similar to the weight loss 15.5% reported before [225]. Thus, the real content of 
graphene in PVA composites was all calculated by the 84.5% of the GO loaded.  
   
     
(a)                                    (b) 
     
               (c)                                    (d) 
Figure 4-3 XPS spectra of GO and RGO: (a) XPS survey spectrum of GO; (b) XPS 
survey spectrum of GO; (c) C1s XPS spectra of GO; (d) C1s XPS spectra of RGO. 
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There are four components in carbon for GO and RGO, respectively. The first 
component is carbon sp2 with a bonding energy of 284.6±0.2ev. The second one is at 
286.8±0.2ev, which is attributed to epoxy/hydroxyl groups (C-O). The third component 
is the carbonyl or ether groups with bonding energy of the 287.3±0.2 eV. The fourth 
group is carboxyl or ester group centred at 288.9±0.2 eV. It is worth mentioning that the 
oxidized carbon is greatly decreased and the peak at 288.9±0.2 eV is negligible after the 
reduction process [226, 227].  
 
Figure 4-4 Raman spectra of graphite, GO and RGO 
 
Fig. 4.4 presented Raman spectral features of the as-synthesized graphite derivatives in 
comparison to the original graphite. For the graphite, the two peaks found at 1561 and 
1335 cm−1 are assigned to G (graphite) and D (defect) bands, respectively [212, 228], 
while the peak centred at 2700cm−1 is attributable to 2D band [229]. The predominant 
G band can be attributed to the first-order scattering of the E2g mode, indicating that the 
dominant structure for the graphite is sp2 carbon networks [183]. The band at 1335 
cm−1 is the characteristic Raman signal of diamond (sp3 network), normally regarded as 
defect sites. Comparing to the graphite band at 1561cm-1, the band at 1335 cm−1, on the 
other hand, is the characteristic Raman signal of diamond (sp3 network), which is 
commonly regarded as defect sites. In graphite, this D band is very weak particularly 
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when compared to the G band, suggesting that the size of the defect domains in the 
original graphite is much smaller than the graphitic domains. For GO and RGO, 
intensities of the D band are substantially stronger and relatively similar to those 
observed for the G band, indicating a significant increase of the sp3 defect sites as well 
as a drastic decrease of the graphitic sites [212]. Furthermore, both G and D bands of 
GO or RGO appeared to be broadened and shifted towards higher wavenumber region. 
In particular, the G and D bands in the GO or RGO were found at 1586 and 1354cm-1, 
respectively; whilst these corresponding bands appeared at 1561 and 1335 cm-1 in the 
graphite (Fig. 4.4). 
 
4.3 In-situ reduction of graphene oxide 
 
It was previously reported that polar polymers are helpful to assist the thermal reduction 
of graphene oxide due to hydrogen bonding interactions [230], however, there was no 
investigation regarding the effects of PVA on the molecular structure of the synthesized 
PVA/graphene composites. Here, we first investigated differences in the graphene 
structure affected by the presence of the PVA. 
 
 
Figure 4-5 Comparison of Raman spectra for PVA and PVA/graphene composites 
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According to Fig. 4.5, the strong band at 2910cm-1 found particularly in the spectrum of 
the PVA, is attributed to the characteristic symmetric stretching vibration of CH2 in the 
PVA molecules [231]. The intensities of this band reduced significantly in the 
PVA/graphene composites as a result of the graphene loadings. Meanwhile the 
characteristic bands of graphene within the PVA become more and more dominant. Since 
the Raman spectra of all the PVA/graphene composites showed no band that represented 
the PVA moiety in the range of 750-1500cm-1, these bands were neglected and excluded 
from the subsequent analysis of D and G intensity ratios (AD/AG) for the PVA/graphene 
composites.  
 
To quantitatively determine the extent of the change, spectral deconvolution was 
performed on both spectra and the ratios of integrated band area of D to G components 
(AD/AG) were subsequently calculated. The result of the spectral deconvolution as 
illustrated in Fig. 4.6 revealed that the G band observed in the Raman spectra in fact 
involved 3 combined components named as G, G’ and G” with G giving the greatest 
contribution to the band. In contrast, the D band showed only one component for all 
samples. The AD/AG values were calculated based on the summation of integrated band 
areas of all components that represent each D and G band. Based on the plot in Fig. 4.6 
(b), the AD/AG ratios for all PVA/graphene composites were found to be enhanced when 
compared to that obtained for the graphene oxide, indicating a remarkable increase in size 
of the sp3 defect domains created in the composites through the reduction process than 
those presented in the graphene oxide [183, 232]. The AD/AG ratio of the graphene was 
nevertheless lower than those produced by the in-situ reduction, indicating that the 
directly reduced graphene contained less sp3 defect domains and thus larger graphitic 
domains than the in-situ reduced graphene [183]. All those indicated that in-situ reduced 
graphene possesses smaller graphitic domains and more defect sites than the directly-
reduced one, which may be potentially responsible for the improved stability for in-situ 
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reduced graphene in PVA matrix [92]. It is worth mentioning that the ID/IG ratios without 
the curve fitting show the same inclination of those of AD/AG ratios.  
 
   
(a)                                    (b)      
Figure 4-6 Comparison of Raman spectra including (a) comparison of curve fitting 
(b) band ratio based on both curve fitting and non-curve fitting 
 
4.4	Mechanical	properties	
 
4.4.1 PVA-MMT composites  
 
Five PVA/MMT composite specimens were prepared for analysis. The weight ratios for 
MMT in the composites are 0.3%, 1%, 2%, 3% and 5%, respectively, which are named 
as PM-0.3, PM-1, PM-2, PM-3 and PM-5. Fig 4.7 shows the XRD patterns of PVA/MMT 
composites and MMT clays. The characteristic shoulder peak for PVA at 22.92 indicates 
that the configuration of PVA used is mainly atactic [233]. The characteristic peak at 
7.08 indicates that the d-spacing of MMT is 1.25 nm. After the loading of MMT clay, 
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the crystal structure of PM composites is not changed as the PVA composites possess a 
similar XRD pattern to PVA.  
 
Figure 4-7 XRD pattern for PVA/MMT composites 
 
The mechanical properties of the as-prepared PVA-MMT composite films are shown in 
Fig 4.8. The ultimate tensile strength increases with the MMT loading up to 2.0%,from 
63 MPa of pure PVA film to the highest 76 MPa for PVA-MMT (2.0 wt %), which is 
improved more than 20%. However, further increase in the loading of MMT leads to a 
slow decline of tensile strength. Furthermore, the tensile modulus of the composite films 
show a slightly different inclination, which is improved from 2.1 GPa for neat PVA to 
2.5 Gpa for PVA-MMT (5 wt%). The elongation at break shows a declined inclination 
with the increased content of MMT. Those results above are similar to previous report 
where the tensile strength or modulus is improved greatly at a low content of MMT and 
then level off [93].  
 
61 
 
     
(a)                                (b) 
     
(c)                                   (d) 
Figure 4-8 Mechanical properties of PVA-MMT composites as a function of MMT 
content: (a) Tensile strength; (b) Tensile modulus; (c) Elongation at break.(d) 
Stress-strain behaviours.  
 
4.4.2 PVA-graphene composites 
 
Four PVA/graphene composite specimens were prepared for analysis. The weight ratios 
for graphene in the composites are 0.3%, 0.6%, 0.9% and 1.2%, respectively, which are 
named as PG-0.3, PG-0.6, PG-0.9 and PG-1.2. Fig 4.10 shows the XRD patterns of 
PVA/graphene composites. It can be seen clearly that the introduction of graphene does 
not change the XRD pattern of PVA/graphene composites. 
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Figure 4-9 XRD pattern for PVA/graphene composites. 
 
The mechanical properties of the as-prepared PVA-graphene composites are shown in 
Fig 4.11. It indicates that the ultimate tensile strength increases with graphene loading up 
to 0.9%, from 63 MPa (no graphene loading) to the highest 94 MPa (0.9 wt %), which is 
improved by 49%. Similar to the effects of MMT, further loading of graphene also leads 
to a decrease in strength. As to the tensile modulus, the highest modulus can be achieved 
with 0.9% loading of graphene. That is to say, the reinforcement of graphene is saturated 
at 0.9% loading of graphene, which may be due to the aggregation of graphene [89, 234]. 
Comparing to the MMT clay, graphene shows more dominant effects on the 
reinforcement of PVA composites. For instance, 0.9% loading of graphene can result in 
36.0% improvement of tensile strength, which is much higher than that of PM-2.0 (only 
about 20.0% enhancement of tensile strength).  
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(a)                                 (b) 
  
(c)                                 (d) 
 
Figure 4-10 Mechanical properties of PVA-graphene composites as a function of 
graphene content: (a) Tensile strength; (b) Tensile modulus; (c) Elongation at break; 
(d) Stress-strain behaviours. 
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4.4.3 PVA-MMT-Graphene composites 
 
 
(a) 
 
 
(b) 
Figure 4-11 Mechanical properties of PVA/graphene/MMT clay composites as a 
function of MMT and graphene content: (a) Tensile strength; (b) Tensile Modulus. 
65 
 
To investigate the synergistic reinforcement of graphene and montmorillonite clay, PVA 
composites with different loading of graphene and clays are systematically evaluated. It 
is worth mentioning that the unique synergistic effect of graphene and clay on the 
reinforcing of PVA is demonstrated in Fig 4.11. As can be seen from Fig 4.12, the 
ultimate tensile strength and Modulus of PVA composites can be further improved when 
graphene loading is 0.6% and 0.9%. Especially the samples PG-0.6-PM-1.0 and PG-0.9-
PM-0.3 have a very high strength. Table 4.1 lists the comparison of PVA composites 
reinforced with both graphene and MMT clay, and the PVA composites reinforced by 
single reinforcement. It can be seen clearly that the enhancement of PG-0.6-PM-1.0 and 
PG-0.9-PM-0.3 is much higher than the percent improvement of PVA/graphene and 
PVA/MMT combined. And the synergistic effects are around 10% or higher (Table 4.1). 
Previous research shows that the synergistic effects can also be realized by using 
CNT/GO, CNT/RGO and carbon nanotube/RGO hybrids [75, 108] in PVA matrix. 
According to the data in Table 4.1, the synergy effects of PG-0.6-PM-1.0 and PG-0.9-
PM-0.3 are similar to CNT/graphene oxide and CNT/RGO but lower than CNT/reduced 
graphene oxide hybrids. However, the outstanding advantage of the MMT clay is based 
on the fact that it is an environmentally friendly, abundant and low-cost material 
compared to other reported reinforcement materials such as CNT, making the 
PVA/graphene/MMT tertiary composite system a great candidate for a large-scale 
industrial production. 
 
 
 
 
  
Table 4-1 Comparison of synergy effects with references 
 
Samples RT(%)a RM(%)b ST(%)c SM(%)d References 
PM-0.3 106.7 102.1 - -  
PM-1.0 110.5 105.3 - -  
PG-0.6 120.1 113.0 - -  
PG-0.9 136.3 131.9 - -  
PG-0.6-PM-1.0 149.2 129.8 18.6 11.5 Present study 
PG-0.9-PM-0.3 158.7 143.1 15.7 9.1 Present study 
GO–CNT/PVAe   13.0 15.0 [75] 
PVA/(G-CNT-mixture)f   4.0 10.0 [108] 
PVA/(G-CNT)g   31.0 47.0 [108] 
 
a  RT represents the ratio of sample tensile strength to the neat PVA. 
b  RM represents the ratio of sample modulus strength to the neat PVA.  
c  ST represents the synergy effects of tensile strength for PG-a-M-b.  
d  SM represents the synergy effects of modulus strength for PG-a-M-b.  
e  GO–CNT/PVA refers to the PVA/GO/CNT composites, containing 1.0 wt% GO and 0.5 wt% 
CNTs.  
f  PVA/(G-CNT-mixture) represents PVA/RGO/CNT composites with 0.3 wt% RGO and 0.3% 
CNTs. g PVA/(G-CNT) represents PVA/RGO-CNT hybrid, which includes 0.6 wt% RGO-CNTs 
hybrids.  
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4.5 Crystallinity and glass transition temperature 
 
The improvement in mechanical strength can be attributed to the strong interfacial 
interactions. Here, indirect information such as cystallinity and glass transition 
temperature [235] will be used to analyse the interfacial interactions.  
 
The crystallization degree can be calculated from the thermal enthalpy evolved during 
DSC test based on equation (4.1):  
 
𝑋𝑋𝐶𝐶 = ∆𝐻𝐻𝐶𝐶(1−φ)∆𝐻𝐻𝑚𝑚 × 100%                         (4.1) 
 
where XC is the crystallinity for PVA samples, ΔHC refers to thermal enthalpy tested, φ 
represents the weight fraction of inertia fillers such as graphene or MMT clay, ΔHm is 
the enthalpy for the melting of a 100% crystalline PVA sample with a constant of 138.6 
J/g. ΔHC can be obtained by the integration of the endothermal peak at in Fig 4.12. 
Table 4.2 lists the calculated crystallinity of some PVA samples. It can clearly be seen 
that MMT or graphene loaded may lead to a decreased crystallinity. This may be due to 
the strong interaction between fillers (MMT or graphene) and PVA, which limit the 
crystal growth of PVA macromolecules [236, 237]. For instance the polar groups 
(hydroxyl or carboxylic groups) at the surface of the chemically reduced graphene [187] 
or silanol groups at the surface of MMT clay [238] may form hydrogen groups with the 
hydroxyl groups in PVA. This kind of hydrogen bonds, referring to the hydrogen bonds 
between PVA and MMT or PVA and graphene mentioned above, may compromise the 
inter- or intra-molecular hydrogen bonds of PVA. According to the previous report, 
those inter- or intra-molecular hydrogen bonds of PVA are responsible for joining the 
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folded-chains of PVA macromolecules together and ultimately forming the three 
dimensional PVA crystalline [117]. Therefore, it can be concluded that this decreased 
crystallinity is due to the existence of interfacial hydrogen bondings between PVA and 
MMT or PVA and graphene.  
 
The glass transition temperature is directly related to macromolecule motion in 
amorphous domains , which is normally tested by thermal and thermo-mechanical 
analysis [239]. Here DMA is used to analyse the glass transition temperature of PVA 
composites. Fig 4.13 shows that the loss tangent for PVA composites. The glass 
transition temperature (Tg) is obtained from the maximum peak in the tan delta curve, 
and it is found that the loading of both MMT and graphene will lead to a higher Tg. 
Furthermore, the reduction of the maximum tan delta of the PVA composites also 
indicates that there is a strong interfacial adhesion existing between fillers (MMT clay 
and graphene) and PVA matrix [97, 240]. The Tg for the pure PVA is about 49.5°C, 
which is then increased to 50.0°C and 52.9°C when the MMT loading is 0.3% and 2.0%. 
It is worth mentioning that graphene loaded leads to a greater improvement on glass 
transition temperature. For instance, the Tg for PG-0.3 and PG-0.9 are 54.0 and 56.2°C, 
respectively, even higher than PM-2.0. Therefore the interfacial interaction for graphene 
is stronger than that of MMT clay. That is the reason why the mechanical properties for 
PVA/graphene are stronger than PVA/MMT composites (Fig 4.8 and Fig 4.9). The Tg 
for PG-0.6-M-0.6 and PG-0.6-M-0.3 are 58.0 and 61.2°C, respectively, indicating an 
even stronger interfacial interaction comparing to PG-0.9 and PM-2.0. This strong 
interfacial interaction is originated from the mutual interaction i.e the hydrogen bonds 
between PVA chains and MMT clay or graphene sheets in amorphous PVA. Based on 
the previous analysis, it clearly indicates that the strong interfacial hydrogen bonds not 
only lead to the decreased crystallity but also result in enhanced Tg, which may be the 
mechanism of the effective reinforcement. In regarding to the synergistic effect, it may 
be due to the continuous hybrid networks formed by the mutual interaction i.e the 
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hydrogen bonds between PVA chains, MMT clay and graphene sheets, similar to the 
hybrid network formed by tubular clay and graphene in styrene-butadiene rubber matrix 
[19]. Particularly, this hybrid network is sensitive to MMT and graphene usage   
because a too high dosage may result in the failed formation of three-dimensional 
networks and the self-aggregation. To clarify this point, morphology investigation will 
be analysed further.   
 
Figure 4-12 DSC heating for PVA composites at a heating rate of 15°C/min. 
 
Table 4-2 Crystallinity for PVA composites 
Samples Tp (°C) ΔHm (J/g) XC (%) 
PVA 221.9 
222.9 
55.3 
53.5 
39.9 
38.7 PM-0.3 
PM-1.0 221.3 49.7 36.2 
PM-2.0 219.3 46.1 34.0 
PG-0.3 221.9 54.2 39.2 
PG-0.9 220.5 50.4 36.7 
PG-1.2 221.5 47.3 34.5 
PG-0.9-M-0.3 221.6 48.9 35.7 
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 Figure 4-13 Temperature-dependent loss tangent for PVA composites 
 
4.6 Morphology investigation 
 
Fig 4.14 shows the dispersion of MMT clay and graphene in PVA matrix. It can be seen 
clearly that graphene dispersion is very homogenous when its loading is only 0.3% (Fig 
4.14 (b)). When graphene loading is 1.2%, the graphene sheets become much bigger, 
indicating clear aggregation (Fig 4.14 (c)). These changed morphologies coincide well 
with the mechanical properties tested (Fig 4.9). Furthermore, it is worth mentioning that 
the dispersion for both PG-0.3-M-0.3 and PG-0.9-M-0.3 are homogenous. But severe 
aggregation is found for samples PG-0.6-M-3.0 and PG-1.2-M-1.0, indicating excessive 
loading of fillers. That is why the synergy (see Fig 4.11) can only be realized within the 
certain concentration of MMT and graphene.   
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Figure 4-14 SEM image for PVA composites: (a) neat PVA; (b) PG- 0.3; (c) PG-1.2; 
(d) PG-0.3-M-0.3; (e) PG-0.9-M-0.3; (f) PG-0.6-M-3.0; (g) PG-1.2-M-1.0. 
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4.7 Conclusions 
 
The proposed PVA/graphene/MMT clay composites were successfully fabricated by 
in-situ reduction of the graphene oxide in the PVA matrix, leading to the PVA 
composites with substantially improved mechanical strength as compared that of the 
neat PVA film. The Raman results further provided insight into the molecular structure 
of the composite materials, revealing smaller graphitic domains and thus more defect 
sites presented in the in-situ reduced graphene than those obtained using direct 
reduction method. For single reinforcement system, optimal mechanical strengths were 
achieved at low contents of the reinforcement prior to leveling off at higher loadings. In 
case of the PVA/graphene/MMT tertiary reinforcement system, PG-0.6-M-1.0 and 
PG-0.9-M-0.3 composites were found to achieve the desired properties including 
substantially improved mechanical strength and effective synergy effects, as well as 
homogeneous dispersion in the main PVA matrices. Those superior properties are 
originated from the strong interfacial interaction among PVA chains, graphene and 
MMT clay. Together with the outstanding advantage of MMT as an environmentally 
friendly and low-cost material, the synergistic reinforcement of PVA using graphene 
and MMT clay therefore possesses a strong potential for a large-scale industrial 
production to serve a wide range of applications. 
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5  NON-ISOTHERMAL CRYSTALLIZATION OF 
PVA-GRAPHENE-MMT COMPOSITES 
 
5.1 Introduction 
 
Polymer crystallization kinetics under different thermal conditions is of vital importance 
for the design of processing parameters [126]. During the practical production processes 
such as extrusion, polymers are usually processed under dynamic, non-isothermal 
conditions. Thus, non-isothermal crystallization kinetics may provide more useful 
information for polymer production. In the past decades, PVA or PVA composite 
crystallization kinetics have extensively been investigated [128, 130]. However, only a 
few of them mentioned the real challenge (possible degradation) and its effects during 
the PVA crystallization [116, 138, 140]. Among them, Peppas and co-authors first 
expressed that no evidence of PVA (99% hydrolysis) degradation was found [141]. 
Later on, another report claimed that the real equilibrium melting without any 
degradation of PVA can be realized by using the high vacuum DSC test [140]. In year 
2004, Probst and co-authors [138] reported that there is degradation involved during the 
crystallization of PVA/carbon nanotubes. However, two years later, Huang and 
co-authors [116] again claimed that there is no evidence for the degradation of PVA (80% 
hydrolysis) during the crystallization process. After that, there are still several reports 
about the crystallization of PVA or PVA composites recently [127, 131, 132, 142]. 
However, even the latest reports have not provided clear solution to the PVA 
degradation problems. Herein, this chapter will extensively study the possible 
degradation involved in PVA composite crystallization by using FTIR, Raman and DSC 
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analysis. Meanwhile the influence of graphene and MMT clay on the non-isothermal 
crystallization behaviours will also be investigated.  
 
5.2 Non-isothermal crystallization behaviours 
 
The non-isothermal crystallization behaviours of PVA composites including pure PVA, 
PM-0.3, PM-1.0, PG-0.3, PG-0.9, PG-1.2 and PG-0.9-M-0.3 are recorded at different 
cooling rates (φ) between 5 and 20°C/min. The characteristic crystallization peak 
temperature (Tp) can be acquired from Fig 5.1 and is listed in Table 5.1. Tp reflects the 
overall crystallization rate and is one of the important parameters for semi-crystalline 
polymers due to the combination of nucleation and growth processes [115]. As can be 
seen from the Table 5.1, higher heating rate results in a lower Tp. This is due to the 
influence of heat hysteresis as the PVA macromolecules need time to adjust their chains 
and form crystal domains [128]. Under a lower cooling rate, the PVA matrix 
crystallization can occur at a higher temperature due to the sufficient nucleation time. 
On the contrary, under the higher cooling rate, PVA matrix crystallization can only be 
realized under overcooling [241, 242]. It is worth mentioning that Tp shifts to a higher 
temperature for all samples after the loading of MMT, graphene or MMT and graphene 
mixture. This is due to the nucleation of the fillers [138]. For PVA/MMT samples, 
MMT loading can always lead to a higher Tp. However, this inclination is different for 
PG samples. The initial loading of 0.3% graphene can effectively accelerate the 
crystallization and increase Tp for up to 5°C at all heating rates. Further loading of 
graphene to 0.9% or 1.2%, however, leads to a decrease in Tp comparing to 0.3% 
graphene. Therefore, graphene loading not only acts as a nucleation agent but also as a 
hindrance to the crystallization when the loading is higher than 0.3%. Therefore, some 
complex processes may be involved during the crystallization. Previous research also 
found a decrease in Tp in PVA/SiO2 composite system especially at low cooling rate 
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and the possible reason is that the heat barrier of SiO2 particle clusters prevents the heat 
transfer among the PVA molecular chains [128]. However, this explanation is not 
rigorous enough as SiO2 is actually not a kind of insulators.  
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Figure 5-1 DSC thermograms of non-isothermal crystallization: (a) neat PVA; (b) 
PM-0.3; (c) PM-1.0; (d) PG-0.6; (e) PG-0.9; (f) PG-0.9-M-0.3; (g) PG-1.2. 
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Table 5-1 Tp for Non-isothermal crystallization 
 
Samples 
Cooling rate (°C/min) 
5 10 15 20 
PVA 199.3 197.9 196.1 194.4 
PM-0.3 204.4 202.3 200.7 199.6 
PM-1.0 204.9 202.9 201.5 200.4 
PG-0.3 204.3 203.8 202.4 201.5 
PG-0.9 202.9 202.6 201.5 199.7 
PG-0.9-M-0.3 202.3 202.0 201.3 200.1 
PG-1.2 202.5 201.9 199.6 198.7 
 
5.3 Non-isothermal crystallization kinetics 
 
To further analyze the crystallization process,the crystallization kinetics of all PVA 
composites is compared. According to experimental data (Fig 5.1), the relative 
crystallinity Xt as a function of crystallization temperature can be expressed as Eq. 
(5.1): 
 
𝑋𝑋𝑡𝑡 = ∫ (𝑑𝑑𝐻𝐻𝐶𝐶/𝑑𝑑𝑑𝑑)𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇0
∫ (𝑑𝑑𝐻𝐻𝐶𝐶/𝑑𝑑𝑑𝑑)𝑑𝑑𝑑𝑑𝑇𝑇∞𝑇𝑇0                 (5.1) 
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 where T0 and T∞ are the onset and end temperatures of crystallization, and dHc/dT is the 
heat flow rate. In non-isothermal crystallization, the crystallization time t can be related 
to temperature T by using the following equation: 
 
𝑡𝑡 = 𝑑𝑑0−𝑑𝑑
𝜑𝜑
                (5.2) 
 
where T is the temperature at crystallization time t, T0 is the onset temperature at a 
crystallization time t = 0, and φ is the cooling rate.  
 
For crystallization kinetics analysis, half-crystallization time t0.5 is always chosen as an 
important reference for crystallization speed. The half crystallization time t0.5, is defined 
as the half period corresponding to the relative crystallinity of 50%. The values of t0.5 
for PVA composites are also listed in Table 2. It is obvious that the value of t0.5 
decreases with the increase of cooling rate, indicating that the crystallization rate for all 
samples increases with increasing cooling rate. It is also worth mentioning that, at any 
given heating rate, the PVA samples with more MMT or graphene possess an even 
longer t0.5. Comparing to MMT, the effects of graphene is more dominant. This 
prolonged crystallization time indicates that MMT or graphene loaded may actually 
retard the PVA crystallization in spite of its nucleation effects. As half-crystallization 
time is only a single reference of non-isothermal crystallization process, it cannot 
comprehensively depict the whole non-isothermal crystallization. Thus, some important 
kinetics models will be used to analyse the experimental data in Fig. 5.2.  
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Table 5-2 Non-isothermal crystallization t0.5 
 
Samples 
Cooling rate (°C/min) 
5 10 15 20 
PVA 1.44 0.90 0.61 0.51 
PM-0.3 2.42 1.23 0.91 0.72 
PM-1.0 2.44 1.31 0.89 0.67 
PG-0.3 3.15 1.44 1.03 0.84 
PG-0.9 3.88 1.81 1.15 0.89 
PG-0.9-M-0.3 4.74 2.34 1.33 0.96 
PG-1.2 5.75 2.62 1.59 1.30 
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Figure 5-2 Variation of the relative crystallinity (Xt) with time: (a) neat PVA; (b) 
PM-0.3; (c) PM-1.0; (d) PG-0.6; (e) PG-0.9; (f) PG-0.9-M-0.3; (g) PG-1.2. 
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5.4 Non-isothermal crystallization kinetics model 
 
5.4.1 Avrami-Jeziorny model 
 
In 1939, the Avrami model was first introduced to analyse the isothermal crystallization 
kinetics [243]. It was then extended to depict the non-isothermal crystallization [23]. 
The Avrami equation is given as following: 
 
1 − 𝑋𝑋𝑡𝑡 = exp (−𝑘𝑘𝑡𝑡𝑡𝑡𝑛𝑛)                     (5.3) 
 
or log[−ln (1− Xt)] =𝑛𝑛 log 𝑡𝑡 + log 𝑘𝑘t          (5.4) 
where n is the Avrami exponent, kt is the crystallization rate constant involving both 
nucleation and growth rate parameters and Xt is the relative crystallinity at 
crystallization time t. At a given cooling rate, n and kt can be obtained from the slope 
and intercept of the plots of log[−ln(1 − Xt)] versus logt (Fig 5.3). Considering the 
influence of cooling rate (φ), Jeziorny [244] proposed a corrected rate parameter kt: 
  log 𝑘𝑘𝑐𝑐 = log𝑘𝑘𝑡𝑡𝜑𝜑                   (5.5) 
The values of n and kc are listed in Table 5.3 and Table 5.4. 
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 (a) 
 
(b) 
 
(c) 
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 (d) 
 
(e) 
 
(f) 
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 (g) 
Figure 5-3 Avrami plots of log[−ln(1−Xt)] versus log t: (a) neat PVA; (b) PM-0.3; 
(c) PM-1.0; (d) PG-0.3; (e) PG-0.9; (f) PG-0.9-M-0.3; (g) PG-1.2. 
 
As can be seen from Fig 5.3, the crystallization processes of seven samples concerned 
are quite different, but can be classified into two groups based on their characteristic 
crystallization process. The neat PVA, PM-0.3 and PM-1.0 are the first group, whose 
crystallizations processes can be divided into two main sections, the classical primary 
and secondary crystallization. However, for the PVA matrix with graphene, such as 
PG-0.3, PG-0.9, PG-0.9-M-0.3 and PG-1.2, three stages can be clearly observed during 
the whole crystallization processes. Comparing to the neat PVA and PVA/MMT 
composites, the primary crystallization of PVA/graphene is divided into two different 
stages, indicating more complex processes are involved in PVA/graphene crystallization. 
For each group, the fitting lines of each section are nearly parallel, indicating that the 
nucleation mechanism and crystal growth geometries of different cooling rate are 
similar for the samples in same group.  
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Table 5-3 Crystallization kinetic parameters based on Avrami and Jeziorny model 
 
Samples φ(°C/min) 
Primary crystallization Secondary crystallizaiton 
kc n R2 kc n R2 
PVA 
5 1.06 3.87 0.99 1.42 1.05 1.00 
10 1.21 4.13 1.00 1.35 1.08 1.00 
15 1.77 4.01 0.99 1.37 1.05 1.00 
20 2.02 3.69 0.99 1.33 1.14 1.00 
PM-0.3 
5 1.01 3.84 0.99 1.13 1.29 1.00 
10 1.06 3.97 1.00 1.16 1.20 1.00 
15 1.15 4.37 1.00 1.18 1.37 1.00 
20 1.33 4.43 1.00 1.19 1.33 1.00 
PM-1.0 
5 1.01 4.16 1.00 1.11 1.41 1.00 
10 1.05 4.22 1.00 1.14 1.38 1.00 
15 1.20 4.17 1.00 1.17 1.49 1.00 
20 1.64 4.44 1.00 1.22 1.67 1.00 
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Table 5-4 Multiple-stage crystallization kinetic parameters based on Avrami and 
Jeziorny model 
 
Samples φ(°C/min) 
Primary crystallization Secondary 
crystallization Stage one Stage two 
kc n R2 kc n R2 kc n R2 
PG-0.3 
5 0.014 2.26 1.00 0.012 3.79 1.00 0.110 1.61 1.00 
10 0.081 2.24 1.00 0.186 3.83 0.99 0.391 1.73 1.00 
15 0.137 2.13 1.00 0.637 3.96. 1.00 0.718 1.85 1.00 
20 0.229 2.15 1.00 1.377 3,85 1.00 1.043 1.96 1.00 
PG-0.9 
5 0.379 2.09 1.00 0.309 4.17 1.00 0.587 1.73 1.00 
10 0.721 2.11 1.00 0.760 4.05 0.99 0.880 1.63 1.00 
15 0.858 1.95 1.00 0.947 4.01. 1.00 0.971 1.78 1.00 
20 0.924 2.10 1.00 1.001 3,41 0.99 0.999 1.76 1.00 
PG-0.9-M-0.3 
5 0.368 1.99 1.00 0.236 4.47 0.99 0.520 1.89 1.00 
10 0.686 2.12 1.00 0.629 5.01 0.99 0.845 1.77 1.00 
15 0.833 2.16 1.00 0.861 4.82 0.99 0.944 1.64 1.00 
20 0.905 2.05 1.00 0.987 4.53 0.99 0.994 1,99 1.00 
PG-1.2 
5 0.371 2.06 1.00 0.191 4.53 1.00 0.467 2.00 1.00 
10 0.706 2.02 1.00 0.627 4.49 1.00 0.818 1.84 1.00 
15 0.853 1.99 1.00 0.857 4.26 1.00 0.929 1.90 1.00 
20 0.907 1.98 1.00 0.929 4.17 1.00 0.963 1.97 1.00 
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For the first group (see Table 5.3), the kc increases with the increasing cooling rate, 
showing that a higher cooling rate can accelerate the crystallization rate. Meanwhile, the 
crystallization rate constant kc for PVA/MMT composites at all cooling rate is slightly 
lower than that of the neat PVA. This demonstrates that MMT clay can restrict the 
crystallization process of PVA matrix. It can also be found that Avrami exponent n is 
higher than 3 for all composites, indicating that there are complex processes involved 
during the primary crystallization [245]. For the secondary crystallization, PVA 
possesses the lowest n around 1, while PM-1.0 possesses the highest n. Thus the 
secondary crystallization process of PVA may be one-dimensional. After the loading of 
MMT clay, this growth inclines to occur in two-dimensional space.  
 
For the samples in the second group (see Table 5.4), the crystallization rate constant kc 
also increases when the cooling rate increases. Comparing to those values of neat PVA, 
kc is greatly reduced after the loading of graphene, indicating severe retardant of 
graphene. During the first stage of the primary crystallization, all n are between 2 and 3, 
indicating the crystallization growth is between two-dimensional and three-dimensional. 
During the second stage, n is enhanced to more than 3. This may be due to other 
complex processes involved [245]. In the secondary crystallization process, all n are 
approaching 2, which are the characteristics of a two-dimensional growth. To sum up, 
both MMT and graphene loaded can affect the nucleation style and crystal growth 
manner of PVA matrix.   
 
5.4.2 Mo model 
 
In 1971, Ozawa extended the Avrami equation for the non-isothermal crystallization 
analysis by assuming that the non-isothermal crystallization process is composed of 
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infinitesimally small isothermal crystallization steps, and the time (t) is replaced with 
the cooling rate (ϕ), as given in the following equation [246]: 
 
𝑋𝑋𝑡𝑡 = 1 − exp (−𝑘𝑘(𝑑𝑑)ϕ𝑚𝑚 )                                          (5.6) 
where m is the Ozawa exponent, which depends on the dimensions of the crystal growth, 
and K(T) is a function of cooling rate φ and indicates how fast crystallization occurs. 
However, this model cannot describe the full process of non-isothermal crystallization 
due to its ignoring the slow secondary crystallization and the dependence of lamellar 
thickness on the temperature. To find an effective method for non-isothermal 
crystallization process, a new model, Mo model, was introduced in 1997 [247] based on 
the Ozawa and Avrami models. Mo model is expressed as: 
 
𝑙𝑙𝑛𝑛 𝜙𝜙 = 𝑙𝑙𝑛𝑛 𝐹𝐹(𝑇𝑇)− 𝛼𝛼 𝑙𝑙𝑛𝑛 𝑡𝑡                                   (5.7)  
where the rate parameter F(T) = (k(T)/k)1/m and the physical meaning which is the 
necessary value of cooling rate to reach a defined degree of crystallinity at unit 
crystallization time; α is the ratio of the Avrami exponent n to the Ozawa exponent m, 
i.e., α = n/m. 
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Figure 5-4 Mo plots of logt versus logφ of non-isothermal crystallization: (a) neat 
PVA; (b) PM-0.3; (c) PM-1.0; (d) PG-0.3; (e) PG-0.9; (f) PG-0.9-M-0.3; (g) PG-1.2. 
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Fig 5.4 indicates that the combined Mo model matches the experimental data well. The 
as-obtained kinetic parameters are illustrated in Fig 5.5 and Fig 5.6. As can be seen 
from Fig 5.5 that both MMT and graphene loaded composites have a higher F(T). 
Therefore, at a fixed unit of crystallization time, a higher cooling rate is needed to 
achieve a higher degree of crystallinity, which means the crystallization rate for all PVA 
composites becomes slower comparing to the pure PVA. The loading of MMT only 
leads to a slight increase in F(T). But the loading of graphene gives rise to dominant 
enhancement. Those results coincide well with t0.5. The parameter α is relative stable. 
Among them, PVA possesses the highest value of α. It seems that the Avrami exponent 
and Ozawa exponent incline to be the same after the loading of MMT or graphene.  
 
   
(a)                      (b) 
 
Figure 5-5 F(T) at different degrees of crystallinity by Mo model. 
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                                    (a) 
 
(b) 
Figure 5-6 Parameter α at different degrees of crystallinities by Mo model. 
 
5.5 Activation energy of non-isothermal crystallization 
 
To evaluate the difficult extent of polymer chains migrating from melt to the crystal 
surface, Kissinger [248] proposed a method for calculating the activation energy during 
the non-isothermal crystallization process based on the influence of different cooling 
rates on crystallization:  
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                              𝑑𝑑[ln( 𝜑𝜑
𝑑𝑑𝑃𝑃
2)]/𝑑𝑑(1/𝑇𝑇𝑃𝑃) = −∆𝐸𝐸𝑅𝑅       (5.8) 
where R is the universal gas constant, φ is the cooling rate, and ΔE is the activation 
energy. 
 
Figure 5-7 Activation energy regression. 
 
The ΔE can be obtained by plotting ln (φ/T2P) vs. 1/ TP. The regression curves are list in 
Fig 5.7 and the calculated ΔE for all samples are listed in Table 5.5. According to Table 
5.5, PVA, PM-0.3 and PM-1.0 have very high correlation coefficients (higher than 0.95). 
However, all correlation coefficients for PVA with graphene are lower than 0.95. 
Furthermore, both MMT and graphene introduced lead to the decreased ΔE. Especially, 
when both graphene and MMT are loaded (PG-0.9-M-0.3), its ΔE is the lowest -187.9, 
indicating that both MMT and graphene used can promote the crystallization of PVA 
macromolecules even more prominent. This result coincides well with the increase of 
Tp after the loading of MMT and graphene. However, according to the results of kinetic 
analysis such as Avrami-Jeziorny model and Mo model, the crystallization process is 
actually delayed after the loading of MMT and graphene. The conflicts between the 
kinetics and thermodynamics here cannot be explained well based on the classic 
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crystallization theory. To explore the complexity behind, structure and morphology 
analysis will be discussed in the following sections.  
 
Table 5-5 Non-isothermal crystallization activation energy 
 
Samples ΔE (kJ/mol) R2 
PVA -91.1 0.97 
PM-0.3 -100.9 1.00 
PM-1.0 -108.8 1.00 
PG-0.3 -154.5 0.94 
PG-0.9 -125.7 0.88 
PG-0.9-M-0.3 -187.9 0.90 
PG-1.2 -107.1 0.94 
 
5.6 Analysis of chemical structure  
 
Fig 5.8 (a-e) shows the FTIR spectra of PVA and PVA composites before and after 
completing a heating-cooling cycle. Because there was no significant spectral change 
observed in the range of 4000-1800 cm-1, only the features within 1800-600 cm-1 are 
presented. All spectra were baseline-corrected and then normalized according to the 
intensity of the peak at 1090 cm-1. Changes in intensity were observed for the peaks 
cantered at 846, 916, 1141 and 1420 cm-1 as compared to their corresponding bands 
presented in the original materials before annealing process. The band at 846 cm-1 is 
assigned to CH2 rocking vibration in the PVA structure [131], of which the intensities 
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were found to increase after the heating-cooling cycle for all of the composites used in 
this study (i.e. PVA, PM-0.3, PM-1.0, PG-0.3 and PG-0.9). On the other hand, the 
intensity of the band observed at 916 cm-1 attributable to ν(C-C) stretching modes [131] 
decreases after the heating-cooling cycle, suggesting diminishment of the amorphous 
domain after the completion of the cycle [249]. The band at 1145 cm-1 is assignable to 
ν(C-O) stretching vibration particularly those in crystalline form, and thus is used as a 
measure of the degree of crystallinity in a material. Furthermore, the peak at 1420 cm-1, 
which represents δ(CH2) scissoring deformation modes [131], appears to broaden 
noticeably in PM and PG composites, suggesting some possible changes after the 
heating and cooling processes. To find more details of spectral changes and quantify the 
peak area, deconvolution method was subsequently applied within the spectral range of 
1160-873 cm-1 and 1510-1160cm-1 (see appendix 1 for details), respectively.  
 
There are seven peaks in the range of 1160-873 cm-1. To determine the change of 
crystallinity degree in the PVA composites, the band at 1090 cm-1, which is attributed to 
ν(C-O) stretches [131], is selected as a reference because the band is reportedly 
independent of the degree of crystallinity [250]. At the same time, another peak 
cantered at 1126cm-1 is also selected as a reference. This peak is assigned to the 
amorphous band of PVA [251]. As can be seen from Fig 5.9 (a) and Fig 5.9 (b), there 
are clear inclination of improved crystallinity after the heating process, which is similar 
to previous report of PVA/SiO2 [130].  
 
There are more peaks in the range of 1510-1160cm-1, especially there is a new peak 
appearing centred at 1261cm-1, which has not been reported before in PVA. This peak 
may belong to epoxy ring [252] or the signal of C-O-C [56]. To show the change of this 
new peak, two peaks nearby (1328cm-1 and 1292 cm-1) are selected as a reference.  
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It can be seen from Fig 5.9 (c) that the signal of the band 1261cm-1 increases after the 
annealing process. And the increase at 5 °C/min is always higher than 20 °C/min, 
indicating that this band is related to the heating history. However, there is no detectable 
signal for PG-0.9 after the annealing (cooling at 20 °C/min). Moreover, the peak at 1445 
cm-1 is attributed to the bending of CH-OH [253], which becomes weaker after the 
annealing. To show this change, the peak at 1328cm-1 (bending of CH [254]) is used as 
a reference. The results (Fig 5.9 (d)) show that comparing to the signal of C-H, there is 
a clear inclination of weakening of CH-OH for all PVA composites. This may be 
because some of hydroxyl groups are partly consumed during the heating and cooling 
cycle. Many references already reported that the degradation of PVA always involves 
the first dehydration process [146].  
 
To further check the structure change during the DSC test, Raman spectra was also 
recorded (Fig 5.10). Due to the strong florescence effects, we cannot get the results for 
PG-0.3 and PG-0.9 after the heating and cooling cycles. Therefore, only PVA, PM-0.3 
and PM-1.0 are presented in Fig 5.10 for discussion. The peak at 919 cm-1 for all 
samples becomes weaker, showing the decreased amorphous domains [249]. In FTIR 
spectra, this peak appears at 916cm-1. Furthermore, the amorphous peak at 1126cm-1 
[251] becomes nearly disappeared. At the same time, the wide peak centred at 1350cm-1 
is the overlapping of two single peaks centred at 1326cm-1 and 1376cm-1, which are 
assigned to the bending of OH and wagging of CH2, respectively [253, 255]. After the 
annealing process, the original wide peak centred at 1350 cm-1shifts to 1360 cm-1. This 
is because the band of OH at 1326 cm-1 becomes weaker comparing to the band of CH2 
at 1376cm-1. This conclusion is similar to the ratio of A1143/A1126 in FTIR, indicating 
the possible dehydration process [146]. Finally, the characteristic double bond at around 
1600cm-1 can be observed for all samples, which is another proof of PVA 
macromolecule degradation [146]. This band signal is stronger when the cooling rate is 
slow (5°C/min). 
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To sum up, both FTIR and Raman clearly demonstrate the band CH-OH is weakened 
after the heating and cooling cycle, indicating the dehydration reaction involved. 
Although the test for PG samples after heating and cooling cycle was failed, this test 
also supports the molecular structure change leading to florescence effects. In regarding 
to the improved degree of crystallity for all samples, it is estimated that two factors may 
contribute to this change. The first one is due to the effects of annealing [130]. The 
second one may be related to the dehydration reaction. Crystal domains are much more 
stable than amorphous domains. Thus we believe that the dehydration for amorphous 
domains is much easier than crystal domains, which results in the decreased amorphous 
domains and increased degree of crystallity.  
 
 
(a) 
 
(b) 
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 (c) 
 
(d) 
 
(e) 
 
Figure 5-8 FTIR of PVA samples: (a) neat PVA; (b) PM-0.3; (c) PM-1.0; (d) 
PG-0.3; (e) PG-0.9. 
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(a) (b) 
  
               (c)                                   (d) 
Figure 5-9 Characteristic peak area ratio based on the results of curve fitting: (a) 
A1143/A1093; (b) A1143/A1126; (c) A1261/(A1261+A1292+A1326); (d) 
A1445/A136. 
 
 
(a) 
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 (b) 
 
(c) 
Figure 5-10 Raman spectra of PVA samples: (a) neat PVA; (b) PM-0.3; (c) PM-1.0. 
 
5.7 Morphology 
 
The morphology of the original PVA composite films is investigated by the optical 
microscopy (Fig. 5.11). It clearly shows that the surface is very smooth despite some 
small holes (about 10μm). Those holes may originate from the bubbles in the PVA 
composite solutions before drying.  
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               (a)                               (b) 
 
(c) 
Figure 5-11 Optical images of PVA composite films: (a) PVA; (b) PM-0.3; (c) 
PG-0.3. 
 
 
(a)                             (b) 
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               (c)                              (d) 
 
 (e)                             (f) 
    
(g)                               (h) 
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 (i)                              (j) 
 
                    (k)                              (l) 
Figure 5-12 Optical images of original PVA composite films: (a), (c), (e), (g), (i) and 
(k) represent PVA, PM-0.3, PM-1.0, PG-0.3, PG-0.9 and PG-1.2 respectively cooled 
down at 5°C/min; (b), (d), (f), (h), (j) and (l) are PVA, PM-0.3, PM-1.0, PG-0.3, 
PG-0.9 and PG-1.2 respectively cooled down at 20°C/min. 
 
Fig.5.12 shows the morphology of PVA composites after the heating-cooling cycle. It 
should be noted that many big holes are produced inside the composites. Some holes are 
larger than 80μm. This is a direct demonstration of matrix damage and degradation. For 
PVA, PM-0.3 and PM-1.0, the matrix damage is not as severe as those samples with 
graphene loaded. The holes are mainly distributed inside the matrix. For PG samples, 
severe damage of matrix can be investigated. As the holes become larger and all reach 
the surface, it is worth mentioning that low cooling rate always leads to severe 
degradation as samples will be kept in high temperature for longer time.  
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5.8 Repeatability of DSC measurements 
 
Theoretically, the transition from solid phase to liquid phase for any materials is 
reversible, and vice versa. Because there is no any structure or composition change no 
matter how many times this phase transition happens. For non-isothermal crystallization 
process of PVA composites, it is anticipated that their thermal behaviours during the 
non-isothermal crystallization process should also be repeatable if no PVA degradation 
is involved. However, notable changes can be found in PVA crystallization process 
from cooling cycle 1 to cooling cycle 3 (Fig 12). Table 5.6 shows clearly that the 
previous heating history leads to the shift of crystallization peak temperature and 
declined fusion. Especially, the loading of graphene intensifies this inclination. For 
instance, the decreased fusion for PVA is 7.2% for the third cycle, which is similar to 
that of PM-0.3, but is only 50% of PG-0.3. This result coincides well with the Raman, 
FTIR and optical investigation. Our results also match the previous report well [138]. 
Herein, PVA degradation does happen during the non-isothermal crystallization process 
and this process can also be affected by fillers. Especially the loading of graphene may 
lead to prominent changes for instance in the decreased fusion and shift peak 
temperature.  
     
(a)                                     (b) 
107 
 
   
(c)                                     (d) 
 
(e) 
Figure 5-13 Comparisons of the crystallization peak during the first (solid line) , 
second (dashed line) and third (dash and dot) cooling scan at 20°C min: (a) neat 
PVA; (b) PM-0.3; (c) PG-0.3; (d) PG-0.9; (e) PG-0.9-M-0.3. 
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Table 5-6 PVA composites crystallization at different heating cycles 
 
Samples Cooling cycles △Hc (J/g) △Hc /△Hc1 (%) Tc (°C) 
PVA 
1st 59.89 100.0 194.4 
2nd 57.62 96.4 193.7 
3rd 55.05 92.8 192.7 
PM-0.3 
1st 57.09 100.0 199.6 
2nd 55.47 97.1 198.5 
3rd 53.03 92.9 196.9 
PG-0.3 
1st 60.03 100.0 201.5 
2nd 57.24 96.1 197.8 
3rd 49.96 83.8 192.5 
PG-0.9 
1st 57.43 100.0 199.7 
2nd 38.10 66.3 187.4 
3rd 29.96 52.2 175.2 
PG-0.9-M-0.3 
1st 55.76 100.0 200.1 
2nd 48.05 86.2 195.1 
3rd 43.42 77.8 189.8 
 
5.9 Conclusions 
 
The effects of MMT, graphene or MMT and graphene mixture on PVA crystallization is 
complex. On the one hand, both graphene and MMT can act as effective nucleation 
agent and enable the crystallization happened at high temperature. On the other hand, 
the whole crystallization time for PVA composites with graphene or MMT is prolonged, 
indicating the retardant effects. Further model analysis shown that both 
Avrami-Jeziorny and Mo models can match the crystallization process very well. The 
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two models also indicated that the crystallization processes of PVA composites are 
delayed after the loading of graphene or MMT. However, Kissinger model based on the 
change of crystallization peak temperature shows totally different inclination. Spectra 
(FTIR and Raman) analysis shows that there are dehydration processes involved and 
new C=C bonds produced during the crystallization process. Together with the 
morphology investigation and multi-cycle DSC analysis, it is concluded that there are 
decomposition of PVA involved during the crystallization process. And this degradation 
is accelerated by introducing graphene or MMT. Comparing to MMT, the effects of 
graphene is more dominant. Due to the degradation, the real crystallization process is 
affected greatly, leading to conflicting conclusions for different model analysis. In 
conclusion, the real process for PVA composites with graphene or MMT is the 
combination of non-isothermal crystallization and degradation process. Due to the 
stability differences between crystal and amorphous domains within PVA matrix, most 
of degradation happened in amorphous domains of PVA, leading to the increased 
crystallity.  
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6 ISOTHERMAL DEGRADATION OF PVA COMPOSITES 
 
6.1 Introduction 
 
Under the influence of heat, light or erosive chemicals，polymers and polymer based 
materials may undergo structure changes both chemically and physically including 
weight loss, declined tensile strength, change of colour and shape. This process is 
normally termed as degradation or aging, which is a very complex process and 
detrimental to the practical application. Therefore, exploration of degradation process 
such as mechanism or kinetics is very interesting theoretically and practically.  
 
PVA or PVA composite degradation has been reported re to study its kinetics and 
develop new products [143-145, 156, 256, 257]. However, most of the reports only 
focus on high temperature degradation (higher than 300°C). That temperature is actually 
much higher than the temperature of its actual applications or thermal processing. To 
supply useful information for practical applications, this chapter will investigate the 
thermal degradation of PVA composite isothermally under relatively low temperature. 
For most of the degradation research published before, the whole degradation process is 
evaluated [153, 258]. However, only the initial 6% weight loss will be recorded and 
analysed in this chapter, because more than 5% decomposition may lead to loss of 
function. Therefore, it is nonsense to investigate the whole decomposition process. The 
as-obtained iso-thermal mass loss data of the PVA nano-composites will then be 
analysed in various aspects such as degradation kinetics and degradation activation 
energy. Also the final structure of the PVA composites will also be recorded by using 
the FTIR spectrum.  
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6.2 Isothermal Thermogravimetry 
 
The isothermal TG curves for PVA based composites at 240, 245, 250, and 255 °C are 
illustrated in Fig. 6.1. It shows that a higher temperature always leads to the shortened 
degradation time and all the degradation processes are highly sensitive to temperature 
change. Furthermore, both the loading of MMT or graphene will lead to accelerated 
decomposition. To directly compare the degradation speed for different samples, 5% 
weight loss time (5%T) in Fig 6.1 is used as a reference and compared in Fig 6.2. 
According to Fig 6.2, for pure PVA is about 8200 seconds at 240°C, 5470 seconds at 
245 °C, 3924 seconds at 250 °C and 2502 seconds at 255 °C respectively. For PM-0.3, 
the corresponding 5%T decreased to 6760 seconds, 3597 seconds, 2274 seconds and 
1239 seconds respectively. Comparing to PM-0.3, the corresponding 5%T for PG-0.3 is 
even lower, reducing to 5276, 3376, 1990 and 1100 seconds respectively. Therefore, 
graphene loaded PVA composites are more active for decomposition. When graphene 
content is 0.9%, this accelerated effect is even more prominent. For instance, the time 
for 5%T for PG-0.9 and PG-0.9-M-0.3 at all heating temperature is 50% less than that 
of PVA. Furthermore, no clear proof shows that both MMT and graphene loaded will 
result in more active degradation. 
 
There are different opinions about the effects of nano particles on Polymer composites. 
Previous reports showed that nano silica can improve the stability of PVA composites 
and it is believed that the interfacial interactions between the hydroxyl groups of PVA 
and the surface hydroxyl groups of SiO2 can improve the stability of the PVA matrix 
[146, 259]. However, Probst and co-author [138] showed that single-walled CNTs can 
accelerate the thermal decomposition of PVA composites due to the possible acid nature 
of CNTs used. Reports also expressed that there are two contradicting effects of MMT 
clay on polymer stability. For one hand, MMT clay can act as a mass transport 
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protective barrier and slow down degradation of polymer matrix But on the other hand, 
the metal derivatives inside the clays could accelerate the decomposition [260].  
 
For PVA composites here, it is anticipated that the same metal derivatives within the 
MMT clay may promote the PVA matrix degradation. And this effect is more dominant 
than the mass transport barrier. For PVA with graphene inside, it is anticipated that the 
acid nature of graphene especially the reactive groups such as –COOH may accelerate 
the decomposition of PVA matrix [261]. And definitely this accelerating effect is more 
dominant than the physical barrier function of graphene. To further analyse the 
degradation of PVA composites, kinetics analysis of the data in Fig 6.1 will be 
discussed in the following part.  
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Figure 6-1 Isothermal TG scans in the temperature range from 240 to 255°C: (a) 
PVA; (b) PG-0.3;(C) PG-0.9; (d) PM-0.3; (e) PG-0.9-M-0.3. 
 
 
 
Figure 6-2 5% weight loss time for PVA composites at different temperature 
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6.3 Kinetic analysis 
 
The analysis of polymer degradation is fundamentally based on a single-step kinetic 
equation: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝐷𝐷)                              (6.1) 
 
where D is the conversion of weight loss, t is the degradation time, T is the absolute 
temperature, k (T) is the rate constant (often dependent on degradation atmosphere and 
conversion), f(D) the kinetic model [258]. The kinetic model function f(D) is decided by 
the chemical or physical weight loss during high temperature such as solid state 
transformations and gas diffusion. The weight loss conversion D for the overall 
degradation process can be defined as: 
 
𝐷𝐷 = (𝑊𝑊0 −𝑊𝑊𝑥𝑥)/(𝑊𝑊0 −𝑊𝑊∞)                   (6.2) 
 
where W∝ , Wx and W0 are the final, intermediate, and initial composite masses, 
respectively. If the Arrhenius equation is adopted, the equation (6.1) can be expressed 
as: 
 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
= 𝐴𝐴exp �−𝐸𝐸
𝑅𝑅𝑑𝑑
� 𝑓𝑓(𝐷𝐷)                         (6.3) 
 
where E is the activation energy, A is the pre-exponential factor, and R is the gas 
constant. The combination of A, E, and f(D) are normally named as the famous ‘‘kinetic 
triplet’’ and can be applied to kinetically determine the time evolution of any single 
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process change physically or chemically in solid-state reactions. Therefore it is very 
important to get kinetic triplet for polymer degradation research.  
 
6.3.1 Reduced time plot approach 
 
Due to the solution of the A, E, and f(D) simultaneously being impractical, it is very 
hard to extract them without any kinetics assumptions [157]. Therefore, reduced time 
plot (RTP) approach has widely used for kinetic equation evaluation [157, 258]. 
Rearrangement and integration of Equation (6.1) for isothermal conditions, one gets, 
 
𝑔𝑔(𝐷𝐷) = 𝑘𝑘(𝑇𝑇)𝑡𝑡                               (6.4) 
 
where g(D) is the integrated form of f(D). For a specific conversion D1, Equation (6.5) 
can be expressed as,              
 
𝑔𝑔(𝐷𝐷1) = 𝑘𝑘(𝑇𝑇)𝑡𝑡0      (6.5) 
 
where D0 and t0 are normally already known from the experimental results and can be 
regarded as a constant. Dividing Equation (6.4) by Equation (6.5) one gets the kinetic 
relationship in an altered form in terms of dimensionless time scale [157], 
𝑔𝑔(𝐷𝐷) = 𝐴𝐴( 𝑡𝑡
𝑡𝑡0
)       (6.6) 
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where A is a calculated constant dependent on the form of the function g(D), t/t0 is 
called as the reduced time. Equation (6.6) is independent of the kinetic rate constant and 
is dimensionless.  
 
For a particular degradation reaction mechanism, thus, a single kinetics equation 
represents all experimental data irrespective of the nature of the material system, 
degradation temperature, degradation atmosphere and other factors. Each mechanism 
therefore, has a unique RTP. Therefore one can compare the as-obtained RTPs with the 
different theoretical models to find the ideal kinetics models. As this work only focuses 
on the initial degradation of PVA based materials, t0.05 will be introduced to get the 
reduced time plot. All the theoretical RTPs (see Table 6.1) are presented in Figure 6.3. 
For comparison, all RTPs for PVA composites are indicated in Figure 6.4. It can be 
seen from the Figure 6.4 that the experimental RTPs are different for the five samples. 
Among the five samples, PVA and PM-0.3 have the same inclination, which fits the 
Avrami-Eroffev kinetic models (A1.5 and A2) and the Power law 2 [157] models well. 
The other three samples (PG-0.3, PG-0.9 and PG-0.9-M-0.3) seem to be more linearly. 
As the theoretical kinetic models usually cannot match the experimental results 
accurately [258], it is essential to further optimize the empirical kinetic models based on 
the correlation coefficient.  
 
For this purpose, various models including Avrami-Eroffev kinetic model, Power law 2 
and linear models will all be applied to fit the experimental results of PG-0.3, PG-0.9 
and PG-0.9-M-0.3, respectively. At the same time, Avrami-Eroffev kinetic models and 
power law 2 models will be used to simulate the experimental results of PVA and 
PM-0.3, respectively. Due to no big differences among the five linear models (Fig 6.2 
(b)), only one model ie the first order model will be applied.  
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Table 6-1 Algebraic expressions f(a) and g(a) for the tested theoretical kinetic models 
Symbol kinetic models Kinetic model f(D) g(D) 
 
Fig.3 (a) 
Avrami-Erofeev equation m(1-D)[-ln(1-D)](m-1)/m [-ln(1-D)]1/m 
A0.5 m = 0.5 0.5(1-D)[-ln(1-D)]-1 [-ln(1-D)]2 
A1.5 m = 1.5 1.5(1-D)[-ln(1-D)]1/3 [-ln(1-D)]2/3 
A2 m = 2 2(1-D)[-ln(1-D)]1/2 [-ln(1-D)]1/2 
A2.5 m = 2.5 2.5(1-D)[-ln(1-D)]3/5 [-ln(1-D)]2/5 
A3 m = 3 3(1-D)[-ln(1-D)]2/3 [-ln(1-D)]1/3 
A4 m = 4 4(1-D)[-ln(1-D)]3/4 [-ln(1-D)]1/4 
R1 
Fig.3 (b) 
One dimensional movement Constant D 
R2 Phase boundary-controlled reaction (contracting area) (1 - D)1/2 2[1-(1- D)1/2] 
R3 Phase boundary-controlled reaction (contracting volume) (1 - D)2/3 3[1-(1- D)1/3] 
F1 First order (1 - D) -ln(1- D) 
F2 Second order (1 - D)2 (1 - D)-1-1 
D1 
Fig.3 (c) 
One-diffusion diffusion 1/2 D D2 
D2 Two-dimensional diffusion 1/[-ln(1- D)] (1- D)ln(1- D)+D 
D3 Three-dimensional diffusion (Jander eq.) (3(1- D )2/3)/(2[1 - (1- D)1/3]) [1- (1- D)1/3]2 
D4 Three-dimensional diffusion (Ginstling-Brounshtein eq.) 3/(2[(1- D)-1/3-1]) (1- 2D/3) - (1- D )2/3 
P2 Power law 2 D 1/2 D 1/2 
P3 Power law 3 D 2/3 D 1/3 
P4 Power law 4 D 3/4 D 1/4 
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Figure 6-3 RTPs for the theoretical kinetic models 
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                 (a)                                (b)  
  
(c)                                (d) 
 
 
(e) 
Figure 6-4 Experimental RTPs for the isothermal degradation of (a) neat PVA; (b) 
PG-0.3; (c) PG-0.9; (d) PM-0.3; (e) PG-0.9-M-0.3. 
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For accurate fitting the empirical kinetic models and the general Avrami-Eroffev kinetic 
models will be analysed. According to the general Avrami-Eroffev kinetic models 
(Table 6.2), polymer degradation process can be expressed as, 
 
[−𝑙𝑙𝑛𝑛(1 − 𝐷𝐷)]1/𝑚𝑚 = 𝑘𝑘𝑡𝑡                          (6.7) 
 
and after taking the natural logarithm of Eq. 6.7 and it can be rearranged: 
 
𝑙𝑙𝑛𝑛 𝑡𝑡 = −𝑙𝑙𝑛𝑛 𝑘𝑘 + 1
𝑚𝑚
𝑙𝑙𝑛𝑛 [− 𝑙𝑙𝑛𝑛(1 − 𝐷𝐷)]                        (6.8) 
 
The parameter m can be obtained from the slope of the plots lnt vs. ln[-ln(1-D)]. All the 
calculations were performed to evaluate t/t0.05 at different temperatures.  
 
The as-calculated results of the kinetics parameters m for all PVA composites are 
illustrated in Table 6.2. It is clear that very high correlation coefficients (all higher than 
0.98) for all samples from 240 to 255 °C can be obtained, demonstrating the suitability 
of the empirical kinetic model. However, further comparisons among different models 
are necessary for accurate forecast. Especially, the average m at different temperature 
will be accepted for final Avrami-Eroffev kinetic models and the regression calculation 
of rate constant k. All calculation is based on the hypothesis that the kinetic triplet is the 
same in the range of experimental temperature [262]. 
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Table 6-2 Values of parameter m in Avrami-Eroffev kinetic models 
 
Samples Temperature (°C) m R2 Average m 
PVA 
240 1.21 0.99 
1.22 245 1.38 0.99 
250 1.10 0.99 
255 1.19 0.99 
PG-0.3 
240 1.25 1.00 
1.18 245 1.24 0.99 
250 1.11 1.00 
255 1.12 1.00 
PG-0.9 
240 1.20 0.99 
1.09 245 1.08 1.00 
250 1.04 1.00 
255 1.02 1.00 
PM-0.3 
240 1.34 0.99 
1.28 245 1.37 1.00 
250 1.23 0.99 
255 1.16 0.99 
PG-0.9-M-0.3 
240 1.37 0.97 
1.18 245 1.18 1.00 
250 1.07 0.99 
255 1.08 1.00 
 
Based on the results in Table 6.2, the m in Equation 6.7 is 1.22, 1.28, 1.18, 1.09 and 
1.18 for PVA, PM-0.3, PG-0.3, PG-0.9 and PG-0.9-M-0.3, respectively. As discussed 
above, PVA and PM-0.3 have the similar kinetics model while, PG-0.3, PG-0.9 and 
PG-0.9-M-0.3 have the same kinetics model. To simplify the analysis and comparison, 
the five samples will be divided into two groups for analysis. 
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6.3.1.1 Kinetic Analysis for PVA and PM-0.3 
 
 
(a) 
 
(b) 
Figure 6-5 Empirical kinetics model regressions for PVA: (a) Avrami-Erofeev 
equation; (b) Power law 2. 
 
According to the discussion above, there are two kinds of potential kinetics models for 
PVA and PM-0.3, respectively. For details, the possible kinetic models for PVA are 
[-ln(1-D)]1/1.22 = kt and D0.5 = kt, and the possible kinetic models for PM-0.3 are 
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[-ln(1-D)]1/1.28 = kt and D0.5 = kt. To check the accuracy, both models are verified by 
using the experimental data (see Figure 6.5 and 6.6) and the fitting results are listed in 
Table 6.3 and 6.4, respectively.  
 
 
(a) 
  
(b) 
Figure 6-6 Empirical kinetics model regressions for PM-0.3: (a) Avrami-Erofeev 
equation; (b) power law 2. 
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Table 6-3 Kinetics models for PVA 
 
Kinetic 
models 
T (°C) k (×10-6 s-1) R2 Ea (KJ/mol) lnA (s-1) R2 
Avrami-
Eroffev 
240 11.05±0.03 0.98 
172.01±9.31 28.93±2.15 1.00 245 17.05±0.06 0.97 
250 22.92±0.10 0.99 
255 35.76±0.09 1.00 
P2 
240 24.03±0.01 1.00 
165.69±13.15 28.24±3.04 0.99 245 37.90±0.02 1.00 
250 48.37±0.09 1.00 
255 75.50±0.04 0.99 
 
Table 6-4 Kinetics models for PM-0.3 
 
Kinetic 
models 
T (°C) k (×10-6 s-1) R2 Ea (KJ/mol) ln A (s-1) R2 
Avrami-
Eroffev 
240 14.88±0.004 1.00 
247.52±5.17 46.92±1.20 1.00 245 25.91±0.002 1.00 
250 43.49±0.010 1.00 
255 78.29±0.021 1.00 
P2 
240 28.81±0.08 1.00 
244.47±5.42 46.86±1.25 0.99 245 49.25±0.19 0.99 
250 82.71±0.41 0.99 
255 148.04±0.64 0.99 
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As can be seen from Tables 6.3 and 6.4, both Avrami-Eroffev and P2 models match the 
degradation kinetics well for PVA and PM-0.3 with reliable regression coefficients. 
However, this preliminary conclusion needs to be checked further by comparing with 
the results obtained from model-free iso-conversional method.  
 
6.3.1.2 Kinetic analysis for PG-0.3, PG-0/9 and PG-0/9-M-0.3 
 
Based on the results mentioned above, the possible kinetic models for PG-0.3, PG-0/9 
and PG-0.9-M-0.3 are –[ln(1-D)]1/m = kt, D0.5 = kt and –ln(1-D) = kt . To validate the 
correctness, all models are checked by using the experimental data (see Figure 6.7, 6.8 
and 6.9) and the fitting results are listed in Tables 6.5, 6.6 and 6.7.  
 
Figure 6.7 presents the experimental data of PG-0.3 in three empirical models and the 
fitting results are shown in Table 6.5. It shows that all three models can match the 
degradation data of PG-0.3 very well from 240 to 255°C. Among the three models, 
Avrami-Eroffev model possesses the highest correlation coefficient, followed by F1 
model and P2 model. 
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Figure 6-7 Empirical kinetics model regressions for PG-0.3: (a) Avrami-Erofeev 
equation; (b) power law 2; (c) first order. 
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Table 6-5 Kinetics models for PG-0.3 
 
Kinetic 
models 
T (°C) K(×10-6 s-1) R2 Ea (KJ/mol) lnA (s-1) R2 
Avrami-
Eroffev 
240 15.31±0.01 1.00 
235.77±15.47 44.14±3.58 1.00 
245 22.92±0.04 1.00 
250 40.17±0.04 1.00 
255 72.65±0.10 1.00 
P2 
240 34.03±0.23 0.98 
233.17±14.37 44.34±3.32 0.98 
245 51.40±0.38 0.98 
250 88.45±1.08 0.98 
255 159.69±2.66 0.98 
F1 
240 10.32±0.08 1.00 
235.62±16.09 43.69±3.70 0.99 
245 15.34±0.07 0.99 
250 26.89±0.12 0.99 
255 48.87±0.25 1.00 
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Figure 6-8 Empirical kinetics model regressions for PG-0.9: (a) Avrami-Erofeev 
equation; (b) power law 2; (c) first order. 
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Table 6-6 Kinetics models for PG-0.9 
 
Kinetic 
models 
T 
(°C) 
k (×10-6 s-1) R2 Ea (KJ/mol) lnA (s-1) R2 
Avrami-
Eroffev 
240 18.54±0.02 1.00 
250.00±12.28 47.77±2.84 0.99 245 35.50±0.05 1.00 
250 61.76±0.08 1.00 
255 97.69±0.21 1.00 
P2 
240 49.43±0.49 0.97 
243.10±11.80 47.13±2.73 0.99 245 92.69±1.26 0.97 
250 159.87±2.97 0.96 
255 248.83±5.89 0.96 
F1 
240 15.13±0.03 1.00 
251.63±11.57 47.95±2.69 1.00 245 29.04±0.09 1.00 
250 50.54±0.17 1.00 
255 80.62±0.39 1.00 
 
Figure 6.8 indicates the experimental data of PG-0.9 in three empirical models. And the 
fitting results are indicated in Table 6.6. It shows that all e three models can match the 
degradation data of PG-0.9 very well from 240 to 255°C. Compared to the Power law 2 
model, Avrami-Eroffev and first order models show a better performance for the 
degradation of sample PG-0.9.  
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Figure 6-9 Empirical kinetics model regressions for PG-0.9-M-0.3: (a) 
Avrami-Erofeev equation; (b) power law 2; (c) First order. 
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Table 6-7 Kinetics models for PG-0.9-M-0.3 
 
   
Kinetic 
models 
T 
(°C) 
k (×10-6 s-1) R2 Ea (KJ/mol) lnA (s-1) R2 
Avrami-
Eroffev 
240 2.465±0.002 1.00 
223.64± 8.15 41.85±1.88 1.00 
245 4.129±0.004 1.00 
250 7.121±0.005 1.00 
255 10.730±0.19 1.00 
P2 
240 53.72±0.25 0.98 
221.18±9.37 42.05±2.17 0.99 
245 89.52±0.48 0.98 
250 155.04±1.14 0.98 
255 229.73±2.47 0.97 
F1 
240 16.73±0.24 1.00 
224.64.±7.73 41.68±1.78 1.00 
245 28.21±0.08 1.00 
250 48.48±0.14 1.00 
255 73.55±0.16 1.00 
 
Figure 6.8 illustrates the experimental data of PG-0.9-M-0.3 in three empirical models. 
And the fitting results are tabulated in Table 6.7. It shows that all the three models can 
match the degradation data of PG-0.9-M-0.3 very well from 240 to 255°C. Especially, 
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the correlation coefficients of Avrami-Eroffev and first order models are both higher 
than 0.99.  
 
Based on the results from Tables 6.5 to 6.7, all three empirical models fit the 
degradation well. Among the three models, Avrami-Eroffev models seem to match the 
experimental data best, followed by first order model. To finally check the correctness 
of the results, all the activation energy based on the empirical models will be compared 
with those obtained from the model free method.  
 
6.3,2 Model-free iso-conversional method 
 
According to Equations (6.4) and (6.5), one can get  
 
𝑙𝑙𝑛𝑛𝑡𝑡 = 𝑙𝑙 𝑛𝑛 �𝑔𝑔(𝑑𝑑)
𝐴𝐴
� −
𝐸𝐸
𝑅𝑅𝑑𝑑
      (6.9) 
 
This equation is called the model-free iso-conversional equation [258], as the activation 
energy can be directly calculated by the slope of the linear relationship of lnt (at fixed 
conversion D) against 1/T without any model assumption of g(D). However, this 
method cannot get the A and g(D). Therefore, this method can only be used as a method 
to support demonstrating whether the empirical model is reasonable by comparing the 
activation energy value from the model-free iso-conversional equation and the empirical 
model. To calculate the empirical activation energy, all experimental data are analysed 
by using Equation (6.9) and the results are listed in Table 6.8.  
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(a)                                (b) 
   
(c)                               (d) 
 
(e) 
Figure 6-10 Model-free iso-conversional method: (a) PVA; (b) PG-0.3;(c) PG-0.9; 
(d) PM-0.3; (e) PG-0.9-M-0.3. 
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Table 6-8 Arrhenius activation energy from model-free iso-conversional method 
 
Samples 
Weight 
loss 
Ea (KJ/mol) R2 
Average Ea 
(KJ/mol) 
PVA 
4% 182.20±7.24 1.00 
176.50±7.46 5% 175.40±7.42 0.99 
6% 171.89±7.72 0.99 
PG-0.3 
4% 242.51±17.73 0.98 
 
241.12±17.08 
5% 242.08±17.07 0.99 
6% 238.76±16.44 0.99 
PG-0.9 
4% 251.47±13.31 0.99 
252.38±13.03 5% 252.13±13.67 0.99 
6% 253.54±12.11 0.99 
PM-0.3 
4% 251.92±7.32 1.00 
252.06±6.37 5% 252.78±6.02 1.00 
6% 251.48±5.76 1.00 
PG-0.9-M-0.3 
4% 230.41±4.92 1.00 
230.91±7.47 5% 232.92±6.69 1.00 
6% 229.40±10.81 0.99 
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According to Table 6.8, all samples have similar activation energy from 4% to 6% 
conversion. Thus average activation energy will be used to represent the initial 
degradation process. For PVA and PM-0.3, the activation energy got from 
Avrami-Eroffev model is 172.01±9.31 (see Table 6.3) and 247.47±5.42 (see Table 6.4), 
respectively, which is very close to those from model-free iso-conversional method. 
This demonstrates that Avrami-Eroffev model is better than Power law 2 in regards to 
the degradation of PVA and PM-0.3. In regard to PG-0.3, PG-0.9 and PG-0.9-M-0.3, 
both the activation energy obtained from Avrami-Eroffev and first order models (see 
Tables 6.5, 6.6 and 6.7) are very close to those got from model-free iso-conversional 
method. Therefore, both Avrami-Eroffev and first order models can match the 
degradation of PG-0.3, PG-0.9 and PG-0.9-M-0.3 well.  
 
6.4 FTIR investigation 
 
During the isothermal degradation process, not only the weight loss happens but also 
clearly there is a colour change. The original colour of PVA and PM-0.3 is transparency. 
After the degradation, the colour of PVA and PM-0.3 becomes dark or brown (Figure 
6.11), demonstrating direct change of chemical structure. Here we just list the colour 
change of all PVA specimens (Figure 6.12). However, no colour change can be found 
for PG-0.3, PG-0.9 and PG-0.9-M-0.3. This is because all PG-0.3 specimens are black 
after the loading of graphene. To check this structure change, FTIR spectrum of all PVA 
composites before and after the degradation for a fixed time (kept isothermal for 135 
minutes) are recorded (Fig 6.12). Also the residue weight loss of all samples are 
recorded and illustrated in Fig 6.13. 
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Figure 6-11 Photographs showing the colour change of PVA films after the TGA 
test(A original films; B, C. D. E & F were first heated to 235 °C, 240 °C, 245 °C, 
250 °C and 255 °C and then kept isothermal for 135 minutes respectively.). 
 
 
(a) 
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(b) 
(c) 
Figure 6-12 FTIR spectrums of PVA samples before and after the isothermal 
degradation for 135 minutes: (a) PVA; (b) PM-0.3; (c) PG-0.3. 
 Figure 6-13 Weigh loss for PVA samples after isothermal degradation for 135 
minutes: (a) PVA; (b) PM-0.3; (C) PG-0.3. 
 
Fig 6.12 shows the FTIR spectrum of PVA after the isothermal degradation for 135 
minutes. It is notable that the FTIR spectrums of PVA composites heated are still very 
similar to those untreated ones despite a clear weight loss (Fig 6.13). This indicates that 
there are still PVA macromolecules or chains existing even after 135 minutes heating. 
Therefore, Huang et al [116] believed that there is no degradation happening especially 
when the isothermal time is much shorter than 150 minutes. Before heating, the small 
peaks at 1715cm-1 and 1668-1 are associated with the residual acetate groups 
(hydrogen-bonded) in PVA [263] and the physically adsorbed water in PVA [264], 
respectively. 
 
For PG-0.3, the peak between 1500 and 1600 cm-1 is attributed to the in-plane 
vibrations of sp2-hybridized C=C in graphene [265]. After the heating, totally different 
changes can be observed among PVA, PM-0.3 and PG-0.3. For PVA and PM-0.3, the 
signal for residual carbonyl groups at 1715 cm-1 becomes much lower after the heating 
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at 240°C. This result indicates that the residual carbonyl groups in PVA and PM-0.3 are 
consumed during the initial degradation. For PG-0.3 samples, however, the residual 
carbonyl groups signal at 1715 cm-1 keep unchanged even being heated at 245 °C for 
150 min. Actually, the weight loss for PG-0.3 is the highest among the three samples 
(Fig 6.13) and it reach around 8.0% (240°C) and 18.0% (245 °C) respectively. The 
possible explanation may be that other more active groups may be introduced and prefer 
to be decomposed in priority. However, graphene content is only 0.3%. Thus, the only 
reason may be that graphene loaded may accelerate the degradation of pure PVA unit 
and make PVA unit more active than the residual carbonyl groups. At the same time, 
new peaks at 1657 and 1570cm-1 appeared for all three samples, which belong to the 
C=C and the conjugated C≡C respectively [156], due to the elimination of water from 
the hydroxyl group or the residual carbonyl groups [146]. These results show that all 
three samples degradation involve the elimination of water. As the peaks around 1657 
and 1570cm-1 for PG-0.3 are the strongest, indicating that the first step degradation 
(elimination of water) for PG-0.3 is greatly accelerated. This coincides well with the 
results in Fig 6.13 and our previous kinetics analysis. Furthermore, the peak around 
1430 cm-1 is assigned to the OH bending vibration of hydroxyl group [266], which 
becomes wider and wider for PVA with the improved heating temperature. And finally 
there is a new peak appeared clearly around 1463cm-1 for PVA, which is attributed to 
the deformational vibration of CH3 or CH2 [267, 268]. Theoretically, this peak cannot 
be regarded as a new emergence peak. As the CH2 units are fundamental composition 
of PVA macromolecules and the deformational vibration of CH2 should already exist in 
the PVA, PM-0.3 and PG-0.3. Actually, this is because that the OH units are consumed 
and the corresponding bond signal becomes weak during the degradation process. On 
the other hand, the deformational vibration of CH3 or CH2 becomes more and stronger 
during the decomposition. Similarly, the stretching vibration of CH3 or CH2 at 2850 
and 2920 cm-1 [269] is also enhanced clearly for PVA. However, this change cannot be 
found for PM-0.3 and PG-0.3 despite their more severe degradation. According to the 
previous report, the degradation products for pure PVA are non-conjugated and 
141 
 
conjugated polyenes and some chain-scission products can be detected after the loading 
of SiO2 [146]. Therefore, it is anticipated that the chain-scission process may also be 
involved in PM-0.3 and PG-0.3. The small molecule product will expand out during the 
decomposition process and the corresponding CH3 or CH2 signals cannot be enhanced 
in the FTIR spectrum. Finally, there is another new peak at 1037cm-1 for PM-0.3, which 
is the stretching vibration of Si–O in MMT [270]. This is because that during the 
degradation process, the whole weight of PVA is reduced gradually. But the MMT clay 
is still remained in the matrix. Therefore, the relative content of MMT clay increases. 
To sum up, the degradation process of PVA composites is complex. Both MMT and 
graphene loaded change the degradation mechanism of PVA.  
 
6.5 Conclusions 
 
The iso-thermal degradation of PVA/MMT, PVA/graphene and PVA/MMT/graphene 
composites are analysed in this chapter regarding to the degradation kinetics, 
degradation activation energy and degradation mechanisms. The mainly findings are 
illustrated in the following three points.  
 
For all PVA samples, high temperature may lead to a quicker degradation. Furthermore, 
both MMT and graphene loaded always result in the accelerated degradation. But the 
effect of MMT is much less than that of graphene.  
 
Kinetic models for PVA and PM-0.3 are [-ln(1-D)]1/1.22 = kt and [-ln(1-D)]1/1.28 = kt 
respectively. Kinetic models for PG-0.3, PG-0.9 and PG-0.9-M-0.3 are [-ln(1-D)] 1/1.18 
= kt, [-ln(1-D)] 1/1.09 = kt and [-ln(1-D)] 1/1.18 = kt respectively. Also linear kinetic 
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models –ln(1-D) = kt can be used to forecast the degradation of PG-0.3, PG-0.9 and 
PG-0.9-M-0.3. Model-free iso-conversional analysis indicates that the degradation 
activation energy for PVA, PM-0.3, PG-0.3, PG-0.9 and PG-0.9-M-0.3 are 176.50±7.46, 
252.06±6.37, 241.12±17.08, 252.38±13.03 and 230.91±7.47 KJ/mol respectively.  
 
FTIR spectrum shows that the degradation mechanism for PVA, PM-0.3 and PG-0.3 is 
different. PVA degradation is mainly due to the elimination of water and the products 
remained are non-conjugated polyenes and conjugated polyenes. For PM-0.3, the 
elimination of water can also be found but the chain-scission process is also involved 
during its degradation process. For PG-0.3, the residue carbonyl groups are very stable 
and remain intact after long-term heating. The main degradation processes are also the 
elimination of water and chain-scission process as that of PM-0.3.  
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7  CONCLUSIONS AND FUTURE WORK 
 
The study presented in this thesis has aimed at the study of PVA composite 
reinforcement, non-isothermal crystallization and isothermal degradation. The related 
literatures were presented in Chapter 2. The subsequent Chapter 3 of this thesis 
described the materials, synthesis methodology and characterization experiments. 
Chapter 4 reported the synergistic reinforcement of graphene and montmorillonite clay 
for PVA composites. The non-isothermal crystallization of PVA-Graphene-MMT clay 
composites was studied in Chapter 5. In Chapter 6, isothermal degradation of PVA 
composites was investigated. Finally, key results are summarized and the future work is 
suggested in this chapter. 
 
7.1 Executive summary 
 
Over the last several decades, numerous interests have been laid on new composite 
development, crystallization and degradation research for PVA. However, only very 
limited reports are available about the synergistic reinforcement of PVA composites till 
now. Furthermore, the understanding of PVA crystallization and degradation is still not 
very clear or even conflicting conclusions were reported. In Chapter 2, various 
reinforcement systems, crystallization and degradation research have been reviewed.   
 
In Chapter 3, a series of experimental approaches were designed for the preparation of 
graphene oxide, graphene oxide reduction and the fabrication of PVA composites 
fabrication. Furthermore, technologies for the characterization of samples in terms of 
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morphology, chemical structure, crystallinity and crystal structure, static mechanical 
properties and dynamic mechanical analysis are indicated. Finally, detailed methods for 
non-isothermal crystallization and isothermal degradation experiments of PVA 
composites are presented.  
 
Due to the excellent mechanical properties of graphene, synergistic reinforcement 
system is based on graphene by using MMT clay as a synergistic enhancer. The detailed 
results were illustrated in Chapter 4. The experimental data indicate that the maximum 
strength can be achieved when the loading of MMT or graphene is 2.0% or 0.9% 
respectively. Furthermore, clear synergy can be found for PG-0.6-M-1.0 and 
PG-0.9-M-0.3. The ultimate tensile strength for PG-0.6-M-1.0 and PG-0.9-M-0.3 is 
improved more than 49% and 58% respectively. DSC and DMA analyses show that 
there are strong interaction between graphene (or MMT clay) and PVA matrix, 
supported by the decreased crystallity and improved Tg. Meanwhile, SEM investigation 
illustrates that the dispersion of MMT and graphene in synergistic reinforcement sample 
such as PG-0.9-M-0.3 is homogenous. However, clear aggregation can be found when 
the loading of MMT or graphene is higher than the percolation limit such as the samples 
PG-0.6-M-3.0 and PG-1.2-M-1.0.  
 
In Chapter 5, the crystallization process of PVA composites can be well depicted by 
both Avrami-Jeziorny and Mo kinetic models. According to the results of those two 
models, both MMT and graphene lead to the delay of PVA crystallization. 
Thermodynamics analysis (Kissinger model) indicates that both MMT and graphene 
can promote the crystallization of PVA macromolecules. Meanwhile, the loading of 
MMT, graphene or MMT and graphene mixture all result in the shifting of Tp to a high 
temperature, indicating the clear nucleation effects. All those results seem to conflict 
with each other. Further spectra (FTIR and Raman) analysis, morphology investigation 
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and multi-cycle DSC all demonstrate that three are clear degradations of PVA 
composites involved during the crystallization process. Especially the dehydration 
process does happen during the DSC test, producing characteristic double bonds signals, 
materials damage such as holes in the PVA composite, as well as non-repeatable 
crystallization process. And this decomposition is also affected by the fillers loaded. 
Therefore, the real process for the PVA non-isothermal crystallization is the 
combination of non-isothermal crystallization and non-isothermal degradation. That is 
why the thermodynamics and kinetic analyses are different. The real reason is that 
MMT, graphene or MMT and graphene can promote the crystallization on one hand but 
also accelerate the decomposition process on the other hand.  
 
The results obtained in Chapter 6 indicate that the degradation of all PVA samples is 
temperature sensitive. High temperature always leads to quicker degradation. 
Furthermore, both MMT and graphene loaded always results in the accelerated 
degradation. But the effect of MMT is much less than that of graphene. The degradation 
Kinetic models for PVA and PM-0.3 are [-ln(1-D)]1/1.22 = kt and [-ln(1-D)]1/1.28 = kt 
respectively. Kinetic models for PG-0.3, PG-0.9 and PG-0.9-M-0.3 are [-ln(1-D)] 1/1.18 
= kt, [-ln(1-D)] 1/1.09 = kt and [-ln(1-D)] 1/1.18 = kt respectively. Meanwhile the linear 
kinetic models –ln(1-D) = kt can be used to forecast the degradation of PG-0.3, PG-0.9 
and PG-0.9-M-0.3. Degradation activation energy for PVA, PM-0.3, PG-0.3, PG-0.9 
and PG-0.9-M-0.3 are 176.50±7.46, 252.06±6.37, 241.12±17.08, 252.38±13.03 and 
230.91±7.47 KJ/mol respectively. FTIR spectrum shows that the degradation 
mechanism for PVA, PM-0.3 and PG-0.3 is different. PVA degradation is mainly due to 
the elimination of water and the products remained are non-conjugated polyenes and 
conjugated polyenes. For PM-0.3, the elimination of water can also be found but the 
chain-scission process is also involved during its degradation process. For PG-0.3, the 
residue carbonyl groups are very stable and remain intact after long-term heating. The 
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main degradation processes are also the elimination of water and chain-scission process 
as that of PM-0.3.  
 
7.2 Recommendations for further work 
 
Although advances have been made in the design and study of PVA composites in this 
thesis, future studies are still need to fabricate high performance PVA composites as 
well as to understand its non-isothermal crystallization and degradation. Some 
recommendations for further research are summarized as follows. 
 
7.2.1 Melt-processable PVA composites 
 
The PVA composites here are prepared by solution casting method. It is the simplest 
method to create thin films from solution. However, this method needs a large amount 
of solvent to dissolve the polymer and energy to dry the solvents. Thus it is not a good 
choice for practical application. Many polymers like polypropylene, polyethylene, 
polyvinylidenedifluoride and polystyreneare are quite stable at its melting temperature, 
which can be easily processed by hot pressure, injection and extrusion molding. 
However hot processing of PVA is still a technical challenge due to its instability 
around melting point temperature [7-9]. Therefore, future work needs to be done to 
develop melt-processable PVA/graphene/MME clay composites.  
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7.2.2 Mathematical model for non-isothermal crystallization kinetics 
 
There are wide reports about PVA crystallization kinetics and some physical models 
such as Mo model, Avrami model as well as Avrami-Jeziorny model have been used to 
analyse this process. However, experimental results in Chapter 5 already demonstrated 
that the real process is a combination of phase transition and chemical degradation. 
Therefore, a new mathematical model should be set up to describe those combined 
processes. Especially, two special parameters should be introduced to describe the 
degradation and crystallization effects respectively. 
 
7.2.3 Thermal stability enhancement 
 
Thermal instability is a common drawback for polymers. In regarding to PVA, its 
instability is even dominant. Thus it is interesting to develop high efficiency stabilizers, 
especially the non-toxic stabilizers. This is because PVA is an ideal candidate for 
environmental-friendly usage. The other issue is that extra stabilizer may affect the 
ultimate mechanical properties, which should also be taken into accounts. 
 
7.2.4 Stress induced crystallization 
 
Our investigation found that the transparent PVA composite films will become white 
during the tensile test and MMT or graphene loaded seems to affect this process. This 
phenomenon indicates that the outer stress may result in further crystallization for PVA 
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macromolecules. This crystallization process is very helpful for the enhancement of 
mechanical properties, thermal stability and solvent resistance. However, how this 
stress-induced crystallization works especially with graphene and MMT clay loaded in 
is still unknown. Therefore, it is very interesting for both theoretical research and 
practical application. Further research should also focus on the change of crystal 
structure and crystallity by using the in-situ X-ray diffraction or wide-angle X-ray 
diffraction. 
 
In conclusion, although PVA has been invented for more than eighty years, the 
understanding of PVA or PVA composites is still limited to some extent especially 
when new materials such as graphene oxide or graphene emerged. The four points 
mentioned above can only cover part of the future research work due to my limited 
knowledge. It needs to be stressed that the four points are not separated, which are 
actually closely related. For instance, melt-processing is affected by the reinforcement, 
crystallization and decomposition. Mathematical model is very useful for prediction of 
the crystallization and degradation. Stabilizers can affect its mechanical performance, 
crystallization and degradation. Stress induced crystallization is affected by the PVA 
molecular weight and hydrolysis degree, enhancer and stabilizers.  
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APPENDIX 
 
(a) 
 
(b) 
 
(c) 
Figure A.1 Curve fitting for PVA from 1160 to 873 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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 (a) 
 
(b) 
 
(c) 
Figure A.2 Curve fitting for PM-0.3 from 1160 to 873 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
 
170 
 
 (a) 
 
(b) 
 
(c) 
Figure A.3 Curve fitting for PM-1.0 from 1160 to 873 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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 (a) 
 
(b) 
 
(c) 
Figure A.4 Curve fitting for PG-0.3 from 1160 to 873 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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(a) 
 
(b) 
 
(c) 
Figure A.5 Curve fitting for PG-0.9 from 1160 to 873 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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(a) 
 
(b) 
 
(c) 
Figure A.6 Curve fitting for PVA from 1160 to 1510 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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(a) 
 
(b) 
 
(c) 
Figure A.7 Curve fitting for PM-0.3 from 1160 to 1510 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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 (a) 
 
(b) 
 
(c) 
 
Figure A.8 Curve fitting for PM-1.0 from 1160 to 1510 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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 (a) 
 
(b) 
 
(c) 
Figure A.9 Curve fitting for PG-0.3 from 1160 to 1510 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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 (a) 
 
(b) 
 
(c) 
Figure A.10 Curve fitting for PG-0.9 from 1160 to 1510 cm-1  
((a) No heating; (b) heating and cooling at 20°C/min; (c) heating and cooling at 
5°C/min) 
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